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. WSTEP
Sepsa to ,zagrazajgca zyciu dysfunkcja narzagdowa spowodowana zaburzong

regulacjg odpowiedzi ustroju na zakazenie”. Kryteria dysfunkcji narzagdéw oparto o skale
SOFA (sepsis-related organ failure assessment — ocena niewydolnosci narzgdowej
zwigzanej z sepsg). Sepse rozpoznaje sie, jesli w nastepstwie zakazenia lub
podejrzewanego zakazenia dochodzi do nagtej zmiany wydolnosci narzgdowej (zmiana o
> 2 punkty w skali SOFA). Skala niewydolnosci narzagdowej zwigzanej z sepsg (SOFA)
ocenia: uktad nerwowy (skala Glasgow), uktad krazenia (Srednie ci$nienie tetnicze i
stosowanie katecholamin), uktad oddechowy (Pa0/FiO), krzepniecie krwi (liczbe
ptytek), stezenie bilirubiny i kreatyniny oraz diureze (Singer et al.).

taczna liczba zachorowan na sepse na $wiecie jest trudna do ustalenia z powodu
braku lub niedoskonatego raportowania. Szacuje sie, ze czestos¢ wystepowania sepsy na
Swiecie wynosi 31 milionow przypadkdéw rocznie (437 na 100 000), a Smiertelnos¢ z nig
zwigzang na okoto 5 milionéw rocznie (Fleischmann et al.). Wg analizy przeprowadzone;j
w Stanach Zjednoczonych w latach 2009-2014, czestos$¢ sepsy oszacowano na 6%
hospitalizowanych pacjentow (173690 pacjentdw z sepsg na 2 901 019 hospitalizacji), a
Smiertelnos¢ z nig zwigzang oceniono na 15% (Rhee et al.). W Polsce, wedtug danych z
2007 roku, czesto$¢ wystepowania sepsy na oddziatach intensywnej terapii wynosita
34%, ciezkiej sepsy 16%, a wstrzasu septycznego 6%, a roczna zachorowalnos¢ wynosita
91/100 000 (Kubler et al.).

Podejscie do bakteriemii w sepsie zmieniato sie w czasie, ze wzgledu na dostepne
metody diagnostyczne. Diagnostyka mikrobiologiczna bakteriemii opierata sie i nadal
opiera na hodowli w systemach automatycznych (tzw. ,ztoty standard”). Zalety tej
metody jest jej prostota i relatywnie niski koszt. Wadg tej metody jest jej czasochtonnos,
siegajgca nawet kilku dni oraz niska czutos¢. Dodatnie posiewy krwi u pacjentéw
septycznych stwierdza sie w 15-61% przypadkdw, srednio w 30-50% (Gupta et al., Jamal
et al.). Niski odsetek pozytywnych posiewow bakteryjnych, wykrycie endo- i egzotoksyn
oraz ogdlnoustrojowej reakcji zapalnej (SIRS - Systemic Inflammatory Response
Syndrome) skfonity do wysuniecia wnioskow, ze sepsie nie zawsze towarzyszy

bakteriemia, ale detekcja bakterii we krwi zwigzana jest z wyzszg smiertelnoscia.
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Celem zwiekszenia wykrywalnosci drobnoustrojow we krwi, poszukiwane sg
nowe metody diagnostyczne oparte o alternatywe dla hodowli, np. metody molekularne,
ktére sg bardzo czute i niezalezne od stosowanej antybiotykoterapii.

Wykrywanie bakterii we krwi napotyka wiele trudnosci zwigzanych z mata liczbg
drobnoustrojow w probce krwi, ich okresowym wysiewem do krwioobiegu, a takze z
powodu stosowanej antybiotykoterapii. Jesli znane jest zrdédto, z ktérego nastepuje
translokacja bakterii do krwi, wtedy tatwiej przewidzie¢ z jakim konkretnym czynnikiem
etiologicznym  zakazenia mamy do czynienia i zastosowac¢ ukierunkowang
antybiotykoterapie empiryczng. Niestety, lokalizacja Zrodta infekcji nie zawsze jest
mozliwa, a czas wiagczenia skutecznej antybiotykoterapii ma bezposrednie przetozenie na
szanse przezycia.

Metody molekularne oparte o analize materiatu genetycznego np. SeptiFast
(Roche), SepsiTest (Molzym) czy VYOO (SIRA-Lab) sg kosztowne i dostepne tylko w
niektorych osrodkach badawczych. System SeptiFast (Roche) (obecnie wycofany)
wykorzystywat technike real-time PCR i umozliwiat wykrywanie kilkunastu najczesciej
spotykanych gatunkéw bakterii i grzybow w ciggu kilku godzin. Metoda SepsiTest
(Molzym) jest dwuetapowa. Pierwszy etap polega na degradacji ludzkiego DNA,
wyodrebnienia DNA patogendw, usunieciu inhibitoréw PCR. W drugim etapie nastepuje
amplifikacja wybranych fragmentow rRNA i identyfikacja drobnoustroju za pomocg
algorytmu bioinformatycznego BLAST. Metoda ta pozwala teoretycznie wykryé kazdy
mikroorganizm, ale konieczne jest sekwencjonowanie amplikonu, co zwieksza koszty
badania i wydtuza czas oczekiwania na wynik.

Istnieje zatem potrzeba stworzenia szybkich, czutych i tanich badan
skriningowych. W ramach pracy doktorskiej podjeta zostata proba zwiekszenia
wykrywalnosci bakterii we krwi za pomocg metody barwienia Grama i Fluorescencyjne;j
Hybrydyzacji in Situ (FISH) z zastosowaniem metodyki przedstawionej w ponizszym cyklu
trzech artykutow (w okresie od 2017 do 2020 roku), bedacych podstawg pracy

doktorskiej (sumaryczny wskaznik Impact Factor = 7,815).
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PRACA NR 1:
Fluorescent in situ hybridization and Gram-stained smears of whole blood as

complementary screening tools in the diagnosis of sepsis. Zrédtowski TW, Flis A,
Zietkiewicz M, Drwita R, Gosiewski T. Pol Arch Intern Med. 2017; 127(2):122-124. doi:
10.20452/pamw.3949, (IF =2,882).

Celem badania byto pordwnanie czutosci hodowli krwi w systemie
automatycznym, barwienia metodg Grama i metody FISH w wykrywaniu bakterii we krwi
dorostych pacjentow spetniajgcych kryteria kliniczne sepsy.

Analizie poddano krew od 53 dorostych pacjentow z objawami sepsy z Oddziatu
Anestezjologii i Intensywnej Terapii Krakowskiego Szpitala Specjalistycznego im. Jana
Pawta Il pobranych w latach 2012-2013. Badania uzyskaty akceptacje Komisji Bioetycznej
UJ (KBET/94/B/2009). Kryteria wtgczenia do badania: pisemna zgoda pacjenta, spetnione
wowczas obowigzujgce kliniczne i laboratoryjne kryteria sepsy, ktora byta definiowana
jako ogdlnoustrojowy zespot objawdw powstajacy na skutek reakcji zapalnej (Systemic
Inflammatory Response Syndrome - SIRS), wywotany zakazeniem. Kryteria wykluczenia:
brak zgody pacjenta, brak objawow sepsy, niepetne zestawy krwi. Pojedynczy zestaw
krwi sktadat sie z butelek na hodowle tlenows i beztlenowg oraz osobnej probki krwi
zylnej pobranej do probdéwki z antykoagulantemVacutainer KsEDTA (BectonDickinson).
Butelki poddawane byty standardowej diagnostyce mikrobiologicznej opartej na hodowli
monitorowanej w systemie automatycznym BacT/ALERT® 3D (bioMérieux) w Pracowni
Mikrobiologii Krakowskiego Szpitala Specjalistycznego im. Jana Pawta Il. Probki krwi byty
natychmiast zamrazane w temperaturze minus 70-75°C i przesytane do Katedry
Mikrobiologii Uniwersytetu Jagielloriskiego Collegium Medicum celem przeprowadzenia
dalszych badan, to jest barwienia metodg Grama oraz FISH.

Po rozmrozeniu, erytrocyty zostaty poddane hemolizie za pomoca roztworu
chlorku amonu, a uwolniona hemoglobina odseparowana, poniewaz stanowita silne tfo
(réwniez autofluorescencji). Powstata zawiesina byta odwirowywana celem otrzymania
zageszczonego osadu, z ktorego nastepnie przygotowywano preparaty mikroskopowe
Grama oraz FISH. Preparaty poddane barwieniu metodg Grama analizowano przy uzyciu
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mikroskopu swietlnego CX21 (Olympus). Preparaty poddane procedurze hybrydyzacji
analizowano przy uzyciu mikroskopu fluorescencyjnego BX51 (Olympus) wyposazonego
w obiektyw immersyjny 100x, lampe UV i kamere F — Viev (Olympus).Celem wykrycia
bakterii zastosowano nastepujgce sondy znakowane fluoroforami (Genomed): dla
wykrycia wszystkich gatunkéw bakterii tgcznie postuzono sie sondg EUB338:(FITC-5'—
GCT GCC TCC CGT AGG AGT- 3’-FITC), dla rodzaju Staphylococcus stosowano sonde STA:
(CY3-5'-=TCC TCC ATATCT CTG CGC 3’), a dla rodzinyEnterobacteriaceae sonde ENT183:
(CY3-5- CTCTTT GGT CTT GCG ACG - 3’). Analize obrazu prowadzono z wykorzystaniem
oprogramowania komputerowego wersji AnalySYS (Soft Imaging). Do analizy
statystycznej wykorzystano test Fishera, dwustronny (Gretl software ver. 1.9.4.).
Weryfikacje hipotez statystycznych przeprowadzono na poziomie istotnosci p< 0,05.

W sumie przebadano krew od 53 pacjentdow z objawami sepsy za pomocg
standardowej hodowli, barwienia Grama oraz metodg FISH. Uzyskano nastepujgce
odsetki wykrytych bakterii: hodowla 26,4% (n=14); barwienie Grama 43,4% (n=23) i FISH
50,9% (n=27). Czutos¢ i specyficznos¢ barwienia Grama w stosunku do hodowli wynosita
odpowiednio 85,7% i 71,8%, natomiast czufosc¢ i specyficznos¢ metody FISH w stosunku
do hodowli wynosita 100% i 66,7%. Stwierdzono statystycznie istotne réznice miedzy
wynikami uzyskanymi metodg hodowli krwi i barwieniem metodg Grama (F 0.00032, p <
0.01) oraz hodowli i FISH (F 0.00012, p < 0.01). Czas potrzebny do uzyskania wyniku
badania przy uzyciu metod barwienia Grama i FISH wynosit okoto 4-5 godzin, zas dla
metody posiewu nawet 72 godziny.

Whioski:

1. Wykorzystana metoda preparatyki krwi umozliwita detekcje bakterii
bezposrednio w krwi zylnej przy zastosowaniu zarowno metody barwienia Grama
jak i FISH.

2. Zastosowane metody barwienia Grama jak i FISH daty istotnie wyzsze odsetki
pozytywnych wynikdbw w pordwnaniu do metody hodowli, tj. ,ztotego

standardu”.
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Introduction  According to the Sepsis Definitions
Task Force of the Society of Critical Care Med-
icine and European Society of Intensive Care
Medicine, sepsis is currently defined as “life-
-threatening organ dysfunction caused by a dys-
regulated host response to infection,” and its di-
agnostic criteria rely on sepsis-related organ fail-
ure assessment scores—SOFA or gSOFA. Sep-
sis is diagnosed when SOFA score is 2 points
or higher, if infection is present or suspect-
ed, or if there are 2 or more symptoms accord-
ing to the qSOFA score (disorders of conscious-
ness, systolic blood pressure <100 mmHg, re-
spiratory rate 222 breaths/min). Additionally,
systemic inflammatory response syndrome was
left out of the definition of sepsis and the term
“sepsis” replaced “severe sepsis.”

A proinflammatory response developing in
an uncontrolled way in the body can lead to multi-
ple organ dysfunction syndrome, including death.
Therefore, discovering the source of infection ear-
ly and determining the etiologic agent are crucial
for the treatment optimization, employing effec-
tive targeted antibiotic therapy, and consequently,
improving the prognosis for patients with sepsis.

Detection of bacteria in blood might prove dif-
ficult owing to their relatively small number and
periodic seeding into the bloodstream, and also
as a result of the antibiotic therapy applied, which
reduces the chance of culturing them. Currently,
the gold standard in microbiological diagnostics
of blood is its culture in automated systems (eg,
BACTEC [BectonDickinson]). The disadvantage
is that this method is time-consuming, taking
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even several days, and has low sensitivity, which
allows to detect microbial growth only in 15% to
30% of the culture.?

To improve the effectiveness of identifying
the etiological agent in blood, attempts have
been undertaken to detect lipopolysaccharide
for Gram-negative bacteria or mannan and ga-
lactomannan for fungi, using serological meth-
ods. Other promising diagnostic tools are signif-
icantly faster and more precise molecular meth-
ods based on polymerase chain reaction (PCR).
Molecular biology techniques are independent
of prior antibiotic treatment and do not require
bacterial or fungal growth in a culture medium.**

Serological or molecular diagnosis based on
the PCR methods is costly and requires special-
ized diagnostic laboratories. Screening methods
would be extremely valuable as they could quickly
reveal the presence of bacteria in the direct smear.
Such methods include Gram staining and fluo-
rescent in situ hybridization (FISH). Therefore,
the objective of this study was to compare cul-
turing with the modified method for blood sam-
ple preparation for Gram staining and FISH in
the direct smear from blood.

Patients and methods A total of 53 blood sam-
ples from adult patients with suspected sepsis
were analyzed on the basis of the clinical picture
and laboratory tests results. The blood samples
were taken from patients of the Department of
Anesthesiology and Intensive Care in the John
Paul II Hospital in Krakéw, Poland, in the years
from 2012 to 2013. The research was approved



FIGURE 1 Microscopic
images (zoom, x1000);

A —fluorescent in situ
hybridization (FISH) smear
with STA and EUB338
probes: visible
Staphylococcus spp cells;
B — Gram smear: visible
Gram-positive cocci; C —
FISH smear with ENT183
and EUB338 probes:
visible Enterobacteriaceae
cells; D — Gram smear:
visible Gram-negative
bacilli

by the Jagiellonian University Bioethics Commit-
tee (KBET/94/B/2009). Blood was drawn from
patients who met the existing clinical criteria
for sepsis.

The blood culture was carried out in the John
Paul IT Hospital in the Department of Microbiol-
ogy, using the BacT/ALERT® 3D apparatus (bio-
Meérieux, Hazelwood, Missouri, United States). Si-
multaneously, the blood samples were analyzed
using FISH and Gram staining.

Fluorescent in situ hybridization in whole blood
Blood samples were subjected to in situ hybrid-
ization according to the method described by Go-
siewski et al.” In order to detect bacteria, the fol-
lowing fluorophore-labeled probes (Genomed,
Warsaw, Poland) were used: probe EUB338 to de-
tect all species of bacteria cumulatively: (FITC-5'-
GCT GCC TCC CGT AGG AGT- 3’-FITC)?; probe
STA—for the genus Staphylococcus: (CY3-5- TCC
TCC ATA TCT CTG CGC 3’)’; and probe ENT183—
for Enterobacteriaceae (CY3-5- CTC TTT GGT CTT
GCG ACG-3).8

The preparations were analyzed using the BX51
fluorescence microscope (Olympus, Ontario,
Canada) equipped with an immersion objective
100x, an ultravioloet lamp, and an F-View cam-
era (Olympus). Image analysis was carried out
using the AnalySIS software (Soft Imaging, On-
tario, Canada).

Preparation and gram staining of direct blood smears

Direct smears were prepared from blood samples
ready for determination using FISH by conduct-
ing hemolysis of erythrocytes with a solution of
ammonium chloride, and the leukocyte precip-
itate obtained was used to prepare microscope
slides.® Subsequently, standard Gram staining was
applied. The preparations were examined using
the CX21 light microscope (Olympus).

Statistical methods For statistical analysis, the
2-tailed Fisher exact test was used (Gretl soft-
ware ver. 1.9.4., Torun, Poland).

Results In total, 53 blood samples were test-
ed using the blood culture, Gram-stained direct
smears, and FISH (FIuRE 1A-1D), and the follow-
ing percentages of positive results were obtained:
26.4% (n=14); 43.4% (n = 23), and 50.9% (n = 27),
respectively. Sensitivity and specificity for Gram
staining and FISH compared to culture was 85.7%
and 71.8% as well as 100% and 66.7%, respective-
ly. Significant differences were found between
the results obtained through blood culture and
Gram staining (F = 0.00032; P <0.01) as well as
culture and FISH (F = 0.00012; P <0.01). The time
required to obtain test results using Gram stain-
ing and FISH amounted to about 4 to 5 hours,
while for the culture it was even 72 hours.

Discussion
in the diagnosis and treatment of sepsis, blood

Despite the tremendous progress
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culture still remains the gold standard in every-
day clinical practice. Undoubtedly, the merits of
this test are its simplicity, low cost, and the pos-
sibility of determining bacterial susceptibility to
antibiotics. The downside of bacterial culture in
blood is the time required to perform the test
and low sensitivity. Bacteria can be cultured from
blood only in about 15% to 30% of cases, and
the result is obtained after 3 to 5 days, which
may have serious consequences for the patient’s
health or even life.® Hence, studies are being
conducted to find alternative diagnostic meth-
ods, and they are mainly based on molecular bi-
ology research.?* Recently, our team demonstrat-
ed the presence of bacterial DNA in the blood of
both healthy individuals and patients with sepsis.
We noticed considerable taxonomic diversity be-
tween the 2 groups. Among healthy individuals,
anaerobic bacteria DNA dominated in the blood,
and in the group with sepsis, aerobic and micro-
aerophilic bacteria DNA was mainly present.'’
It brings us to a conclusion that the blood from
each patient with symptoms of sepsis should be
routinely tested for bacteremia.

In our study, we employed the FISH technique
and Gram staining for direct smears of patients’
blood subjected to preliminary preparation. It
is common knowledge that Gram-stained direct
smears do not constitute valuable diagnostic ma-
terial because the image is obscured by eryth-
rocytes. In literature, numerous reports can be
found on the use of FISH for testing samples of
fluids following blood culture.'"'?

Owing to hemoglobin sample purification in ac-
cordance with the methodology described by Go-
siewski et al,® in which a clear microscopic picture
of good quality was obtained without background
autofluorescence, the FISH method can be suc-
cessfully applied today for whole blood, without
prior culture. Analogous methods were used in
the preparation of Gram smears, wherein eryth-
rocytes were initially removed, and at the same
time, the sample was concentrated.

High sensitivity of FISH testing (100%) and
Gram staining (85.7%) was observed, but spec-
ificity was 85.7% and 71.8%, respectively. This
difference most probably stems from the fact
that a blood culture reveals only living and pro-
liferating bacteria, while FISH and Gram stain-
ing can also confirm the presence of dead cells.™
Blood culture has numerous limitations, includ-
ing a small number of microbes in the blood and
the use of antibiotics that inhibit the growth of
bacteria. Furthermore, the strains cultured could
have started through contamination. The short-
coming of our study was that we did not moni-
tor the time of blood collection for microbiolog-
ical testing in relation to the applied antibiot-
ic treatment.

The highest proportion of positive results was
obtained using the FISH method. Therefore, it
seems that this method, based on molecular bi-
ology, may be successfully applied in laborato-
ry diagnosis of sepsis as a screening tool while
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waiting for the results of standard laboratory
tests. The applied Gram staining may also be con-
sidered a rapid screening test on similar princi-
ples as cerebrospinal fluid direct smear testing;
however, it shows lower sensitivity and specific-
ity than FISH.

Excluding the fluorescence microscope and
thermocycler equipment, the cost of FISH and
Gram-staining analysis is lower than that of the
PCR amplification.

The search for alternatives to the gold standard
of blood culture is still a pressing issue. The meth-
ods that we propose could be used at least as com-
plementary diagnostic tools before further prog-
ress in the diagnosis, management, and care of
patients with sepsis is made."?
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PRACA NR 2:
Comparison of PCR, Fluorescent In Situ Hybridization and Blood Cultures for Detection of

Bacteremia in Children and Adolescents During Antibiotic Therapy. Zrédfowski TW,
Jurkiewicz-Badacz D, Sroka-Oleksiak A, Salamon D, Bulanda M, Gosiewski T. Pol J
Microbiol. 2018;67(4):479-486. doi: 10.21307/pjm-2018-056, (IF = 0,776).

Celem badania byto okreslenie czutosci hodowli krwi wzgledem metod FISH i PCR
w wykrywaniu bakterii we krwi dzieci i nastolatkdow z objawami klinicznymi sepsy, a takze
okreslenie jaki wptyw ma stosowana rownolegle antybiotykoterapia na wykrywalnosé
bakterii przy uzyciu tych trzech metod diagnostycznych.

Analizie poddano krew od 92 dzieci z objawami sepsy wg kryteriow SIRS w wieku
od pierwszego tygodnia zycia do 18 roku zycia z Oddziatu Neuroinfekcji Dzieciecej
(obecnie Oddziat Pediatrii i Neurologii Dzieciecej) oraz z Oddziatu Choréb Zakaznych
Wieku Dzieciecego (obecnie Oddziat Chordb Infekcyjnych Dzieci i Hepatologii Dzieciecej)
Krakowskiego Szpitala Specjalistycznego im. Jana Pawta Il w latach 2010-2012 (30
miesiecy). Badania uzyskaty akceptacje Komisji Bioetycznej Okregowej Izby Lekarskiej w
Krakowie nr 30/KBL/OIL/2010 z dnia 17 marca 2010. Kryteria wigczenia do badania:
spetnione woéwczas obowigzujgce kliniczne i laboratoryjne kryteria sepsy, ktora byta
definiowana jako ogdlnoustrojowy zespdt objawdw powstajgcy na skutek reakcji zapalnej
(Systemic Inflammatory Response Syndrome - SIRS), wywotany zakazeniem, zgoda
opiekunéw na badanie. Kryteria wykluczenia: brak zgody opiekundw, brak objawdw
sepsy. Wykluczono z analizy réwniez pacjentéw, od ktorych co najmniej jedna metoda
badania nie mogta by¢ przeprowadzona z powodu zbyt matej objetosci pobranej krwi.
Objetos¢ pobieranej krwi na hodowle uzalezniona byta od wieku dziecka. U noworodkow
pobierano 1-2 ml krwi, u dzieci miedzy 1 miesigcem a 2 rokiem zycia 2-3 ml, u dzieci
starszych 3-5 ml, u nastolatkdow 10 ml. Réwnolegle, niezaleznie od wieku, pobierano 1 ml
krwi zylnej do probdwek Vacutainer KsEDTA (Becton — Dickinson). Krew pobrana do
hodowli poddawana byfa inkubacji w systemie automatycznym BactAlert firmy
bioMérieux w Pracowni Mikrobiologii Krakowskiego Szpitala Specjalistycznego im. Jana
Pawta Il. Probki krwi byty natychmiast zamrazane i przechowywane w temperaturze
minus 70-75°C, w Pracowni Mikrobiologii Uniwersytetu Jagiellonskiego do czasu analizy.

Po rozmrozeniu, probki krwi zylnej poddawane byty procesowi preparatyki, ktory zostat
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opisany powyzej. Nastepnie otrzymany zageszczony osad poddawany byt dalszej
preparatyce FISH jak w poprzednim badaniu oraz dodatkowo badaniu PCR.

Analize prébek poddanych procesowi hybrydyzacji prowadzono przy uzyciu
mikroskopu fluorescencyjnego BX51 (Olympus) wyposazonego w obiektyw immersyjny
100x, lampe UV i kamere F — Viev (Olympus). Do analizy obrazu FISH wykorzystano
oprogramowanie komputerowe wersji AnalySYS (Soft Imaging). lzolacje DNA
drobnoustrojow z krwi przeprowadzono przy wykorzystaniu zestawu Blood Mini (A&A
Biotechnology). Amplifikacje PCR materiatu genetycznego bakterii wykonano zgodnie z
metodykg przedstawiong w pracy nr 2 cyklu. Do analizy statystycznej wykorzystano test
chi?, test U-Manna Whitney’a oraz analize wariancji— ANOVA (Gretl software ver. 1.9.4.).
Weryfikacje hipotez statystycznych przeprowadzono na poziomie istotnosci p< 0,05.

tacznie krew pobrang od 92 dzieci z objawami sepsy poddano diagnostyce
z zastosowaniem systemu hodowli automatycznej oraz metod molekularnych FISH i PCR.
Odsetek wynikéw dodatnich w prdobkach krwi badanych trzema metodami wynosit:
18,5% dla hodowli krwi, 39,1% dla FISH i 71,7% dla PCR. Uwzgledniajac
antybiotykoterapie, u pacjentéw bez leczenia w momencie pobierania krwi do
badaniaodsetek wynikow dodatnich wynosit: hodowla 25,5%, FISH 41,9% i PCR 67,4%
oraz u pacjentow ze stosowang antybiotykoterapig przed pobraniem krwi: hodowla
9,7%, FISH 36,7% i PCR 75,5%. Bakterie Gram dodatnie i Gram ujemne stanowity
odpowiednio: 47% i 53%z metody hodowli, 77,8% i 22,2% FISH oraz 42,4% i 53,3% PCR.

Whioski:

1. Wykorzystana metoda preparatyki zwiekszyta skutecznos$é wykrywania bakterii

w poréwnaniu do tradycyjnej hodowli oraz umozliwita ich detekcje w krwi przy

uzyciu metod FISH i PCR.

2. Antybiotykoterapia miata istotny wptyw na wykrywalnos¢ bakterii metodg

hodowlang, ale nie wptywata na wyniki metodga FISH i PCR.
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Abstract

The gold standard in microbiological diagnostics of bacteremia is a blood culture in automated systems. This method may take several
days and has low sensitivity. New screening methods that could quickly reveal the presence of bacteria would be extremely useful. The
objective of this study was to estimate the effectiveness of these methods with respect to blood cultures in the context of antibiotic therapy.
Blood samples from 92 children with sepsis were analyzed. Blood cultures were carried out in standard automated systems. Subsequently,
FISH (Fluorescent In-Situ Hybridization) and nested multiplex-real-time-PCR (PCR) were performed. Blood cultures, FISH and PCR
yielded positive results in 18%, 39.1%, and 71.7% of samples, respectively. Significant differences were found between the results obtained
through culture before and after induction of antibiotherapy: 25.5% vs. 9.7%. There was no significant difference in FISH and PCR results
in relation to antibiotics. The three methods employed demonstrated significant differences in detecting bacteria effectively. Time to obtain
test results for FISH and PCR averaged 4-5 hours. FISH and PCR allow to detect bacteria in blood without prior culture. These methods
had high sensitivity for the detection of bacteremia regardless of antibiotherapy. They provide more timely results as compared to automated
blood culture, and may be useful as rapid screening tests in sepsis.

Key words: antibiotic therapy, FISH, PCR, sepsis

Introduction

Bacteremia is defined as a confirmed presence of
one or more bacterial species in the blood (Albur etal.
2016). Sepsis is defined as a life-threatening organ
dysfunction resulting from an impaired regulation of
the response to an infection caused mainly by bactere-
mia. Criteria of organ dysfunction are based on Sepsis
Related Organ Failure Assessment (SOFA) and quick
Sepsis Related Organ Failure Assessment (qSOFA)
scores. In the case of suspicion of a systemic infection,
sepsis is diagnosed given >2 points in SOFA score or
in the presence of 22 clinical signs in qSOFA score,
including low blood pressure (SBP <100 mmHg), high
respiratory rate (=22 breaths/min) or altered mental

status (Glasgow coma scale <15). To give a diagnosis,
systemic inflammatory response syndrome (SIRS) cri-
teria still come as useful, including leucocytosis, and
also CRP and procalcitonin level.

Current recommendations are unfortunately only
related to adults (Singer et al. 2016). The pediatric crite-
ria thus far, largely based on SIRS, met with a lot of crit-
icism similarly to adult criteria, since sepsis in children
differs when it comes to clinical signs and symptoms,
lab results and management (Goldstein etal. 2005;
Churpek et al. 2015; Kaukonen et al. 2015). Implemen-
tation of new sepsis recommendations in pediatrics
needs standardization of organ failure depending on
age, which is especially difficult owing to the specific
character of childhood diseases.
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At present, it is considered that sepsis is the main
cause of death in children globally (Dugani and Kissoon
2017). Epidemiologic data are incomplete, but it is esti-
mated that infectious conditions are responsible for
approximately 40% of deaths in children below 5 years
of age. In 2015, the World Health Organization (WHO)
has announced four main causes of death due to infec-
tious conditions in children: pneumonia (16%), diar-
rhea (9%), neonatal sepsis (7%), malaria (5%), followed
by measles (1%) and HIV/AIDS (1%) (WHO 2017).

Owing to limitations of the diagnostic criteria, it is
still prevalent to identify the blood infection microbio-
logically, in order to definitely confirm sepsis.

The current “gold standard” of microbiological sep-
sis diagnostics is blood culture in automated systems.
This method is of relatively small efficiency due to the
low number of pathogens in the blood and the fact
that it is time-consuming (up to 72h), with 15-20%
of results being positive (Jamal etal. 2006). Microbial
growth inhibitors may additionally impede or delay the
detection of microorganisms; therefore, it is recom-
mended to administer adequate antibiotic therapy after
blood for microbiological testing has been collected,
but only if such collection will not significantly delay
treatment (>45 min). Lack of specific pathogen identi-
fication yields empirical therapy. Ineffectiveness of such
treatment may be life threatening or leads to permanent
multi-organ dysfunction and failure to thrive.

There are ongoing efforts to improve the efficacy
of microbial identification with alternative diagnostic
techniques, independent of antibiotic therapy, such as
serological (detection of lipopolysaccharide (LPS) of
Gram-negative bacteria or mannan and galactoman-
nan of fungi) or molecular methods FISH and PCR,
detecting the DNA or RNA of pathogens in the blood.
Unfortunately, molecular methods are costly, need
special laboratory apparatuses but are quick (3-4h)
and sensitive (Klouche and Schroder 2008; Gosiewski,
Jurkiewicz-Badacz, et al. 2014; Zrédtowski et al. 2017).
Identification of the etiological agent and prompt tar-
geted therapy could lower mortality and permanent
health consequences in patients.

The aim of the study was the evaluation of efficacy
of FISH, PCR and blood culture in detection of the etio-
logical factor of bacteremia in children and adolescents,
before and after antibiotic treatment.

Experimental
Materials and Methods
Blood samples from 92 children and adolescents

aged from 1 week to 18 years of age (mean age 4.7 years;
standard deviations (SD) 3.54), with the clinical symp-
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toms and blood lab results of sepsis, were analysed.
Patients in the age group 2 to 5 years dominated (45%),
followed by neonates (23.4%).

Blood samples originated from the Department of
Neuroinfections and Pediatric Neurology as well as from
the Department of Pediatric Infectious Diseases of the
John Paul IT Specialist Hospital in Cracow in the years
2010-2012 (30 months) according to SIRS criteria. The
study was approved by the Bioethical Committee from
the Regional Chamber of Physicians in Cracow, deci-
sion no. 30/KBL/OIL/2010 from 17 March 2010.

Inclusion criteria (at least two were to be met) (Levy
etal. 2003) were as follows: i) body temperature over
38.5°C or below 36.0°C (rectal or oral); ii) leukocyto-
sis over 2 SD for the given age; iii) clinical signs and
symptoms or results of additional studies suggesting an
infection (organ abscess, leukocytes present in physio-
logically sterile fluids, radiological evidence of pneumo-
nia, hemorrhagic eruption), and iv) C-reactive protein
(CRP) exceeding 50 IU/ml.

The patients excluded from the study group con-
sisted of those that did not fulfil the inclusion criteria,
or no permission was obtained from their lawful care-
takers. Also excluded were the patients whose blood
samples were of too small volume to conduct at least
one of the test methods. Eventually, 92 patients were
included into the study.

Microbiological examinations. Two blood samples
were taken from each patient. The samples came from
a separate puncture of a different vein. Sample volume
depended on the patient’s age. In neonates: 1-2 ml
of blood was collected, in children from 1 month to
2years of age: 2-3ml, in older children: 3-5ml, in
teenagers: 10 ml. Blood samples underwent standard
microbiological diagnostics based on the BactAlert
(bioMérieux, Marcy I'Etoile, France) automated blood
culture system in the Microbiology Laboratory of the
John Paul IT Specialist Hospital in Cracow. The incuba-
tion time used for detection of bacteria in automated
blood culture was 7 days.

Molecular studies. Parallel molecular studies were
performed on the blood samples using FISH and
PCR. In order to perform molecular studies, 1.5 ml of
blood was collected to Vacutainer K,EDTA tubes (Bec-
tonDickinson, Warsaw, Poland) from all patients, irre-
spective of age. Samples were frozen to -70°C, and then
transferred to the Chair of Microbiology of Jagiellonian
University Medical College in Cracow.

Microbial DNA isolation from blood. With the
aim of determining the sensitivity of the PCR method,
microbial DNA was isolated from 1.5-ml blood sam-
ples. DNA isolation was carried out according to the
method described by Gosiewski et al. with the employ-
ment of a ready-to-use Blood Mini (A&A Biotechnol-
ogy) kit (Gosiewski, Szata, etal. 2014).



4 Detection of bacteria in the blood vs. antibiotic

PCR amplification. All the processes of DNA ampli-
fication were performed with the use of the real-time
PCR method (qPCR) in a CFX96 thermal cycler (Bio-
Rad) by employing the species-specific starters and
TaqMan probes (Table IV), according to the proce-
dure by Gosiewski etal. (Gosiewski, Flis, etal. 2014).
Additionally, f-actin gene detection was performed in
every sample of DNA isolated from blood in order to
verify whether PCR inhibition takes place (Gosiewski,
Jurkiewicz-Badacz, etal. 2014).

FISH method. 200 pl of blood was subjected to prep-
aration using 0.17 M of ammonium chloride solution
(ICN Biomedicals) as in the case of preparing blood
samples for DNA isolation until a pale pink pellet was
obtained. The pellet was suspended in 20 pul of sterile
deionized water from which 10 ul was transferred onto
the surface of SuperFrost“Plus (Menzel-Glaser) micro-
scope slide for hybridization in order to get a smear of
approximately 10 mm in diameter. The preparation was
dried under laminar flow and subsequently poured over
with 500 ul of 4% paraformaldehyde (Sigma) solution
and incubated for 20 min at 4°C. Then, the prepara-
tion was washed with PBS and poured over with 2 ml
of 96% methanol (POCh). The whole specimen was
kept under cover for 15min at 20°C. Upon comple-
tion of the fixation process, methanol was washed off
with warm (37°C) PBS solution and placed on 20 pl of
diluted solution of lysozyme (1 mg/ml) (Sigma) and
lysostaphin (0.05mg/ml) (Sigma). It was incubated
for 5min at 37°C and then washed twice with sterile
deionized water. Hybridization was performed with the
use of single-chain oligonucleotide probes (Table IV)
labelled with fluorochromes at 5" ends, targeted at the
16S rRNA conservative fragment typical for the studied
group of bacteria, according to the protocol published
by Gosiewski et al. (Gosiewski, Flis, etal. 2014).

Statistical methods. Chi-squared test, Mann-Whit-
ney U test and analysis of variance (ANOVA) were
used to compare the effect of antibiotic therapy on the
effectiveness of culture, PCR and FISH. Fisher’s exact
test, two-tailed, was used to compare the effectiveness
of methods (Gretl software ver. 1.9.4.). Verification of
statistical hypotheses was performed at a significance
level of p <0.05.

Results

Data shown in Table I demonstrate that among the
patients (n=92) with blood samples collected and cul-
tures performed before administration of antibiotics
(n=51), 25.5% of the samples were positive while 74.5%
were negative. In the case of patients who had antibiot-
ics administered prior to blood collection and blood
cultures (n=41), only 9.7% of the samples were positive

Table I

481

Antibiotic therapy vs. blood culture results.

Blood culture

Antibiotic therapy prior to blood collection

n %
Negative 37 90.3
Positive 4 9.7
Total 41 100.0

Blood culture

Antibiotic therapy after blood collection

n %
Negative 38 74.5
Positive 13 25.5
Total 51 100.0

Blood culture Total

n %
Negative 75 81.5
Positive 17 18.5
Total 92 100.0

chi*=5.768; p =0.024; Vc=0.23; Results significant: p <0.05

Table II
Antibiotic therapy vs. FISH results.
Antibiotic therapy prior to blood collection
FISH
n %
Negative 31 63.3
Positive 18 36.7
Total 49 100.0
Antibiotic therapy after blood collection
FISH
n %
Negative 25 58.1
Positive 18 41.9
Total 43 100.0
Total
FISH
n %
Negative 56 60.9
Positive 36 39.1
Total 92 100.0

chi*=0.253; not significant

and 90.3% negative — this difference was statistically
significant. Gram-positive and Gram-negative bacteria
constituted 47% (n=8) and 53% (n=9), respectively.
In total, positive cultures were obtained from 18.5%
(n=17) of patients.

FISH results were positive in 36 out of 92 (39.1%)
patients and demonstrated the presence of Gram-nega-
tive rods (n=4), which constituted 11.1%, Gram nega-
tive coccus (n=4) — 11.1% and Gram-positive coccus
(n=28) - 77.8% of all the bacteria detected.

Table II shows the relationship between antibiotic
therapy and the FISH results. Chi-squared test did not
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show any statistically significant differences between
the attributes studied.

The PCR studies were performed for 92 patients
in order to detect the presence of Gram-positive and
Gram-negative bacteria. Amplification sensitivity was
defined as the relation of the C, value, i.e. the num-
ber of reaction cycle in which the linear increase of the

Table III
Antibiotic therapy vs. PCR results.
Antibiotic therapy prior to blood collection
PCR
n %
Negative 12 245
Positive 37 75.5
Total 49 100.0
Antibiotic therapy after blood collection
PCR
n %
Negative 14 32.6
Positive 29 67.4
Total 43 100.0
Total
PCR
n %
Negative 26 283
Positive 66 71.7
Total 92 100.0

chi*=0.731; not significant

B 100
90
80
70
60 57.6%
50
40
30
20

42.4%

percentage of PCR G(+) results

Negative Positive

A. PCR results for the presence of Gram-negative bacteria

B. PCR results for the presence of Gram-positive bacteria

C. Percentage of positive results in the studied blood samples
using three study methods, including PCR for Gram-positive
and Gram-negative bacteria

* — statistically significant differences between blood culture
and FISH and PCR
# — statistically significant differences between FISH and PCR

Fig. 1. Results of detection of bacteria using blood culture,
PCR and FISH.

product cuts an established baseline 100 RFU (relative
fluorescence unit) (Fig. 1). Table III shows the relation-
ship between antibiotic therapy and PCR results. Chi-
squared test did not show any statistically significant
differences between the attributes studied.

Figure 1 demonstrates positive results of the three
methods used in this study: blood culture, FISH and
PCR. Statistically significant differences were found
between the results obtained after blood culture and
FISH (F=0.0, P<0.05), FISH and PCR (F=0.0029,
P<0.05) as well as blood culture and PCR (F=0.0108,
P <0.01). Fungal microorganisms were not found with
any of the methods. No significant differences in the
effectiveness of the detection of the bacteria by three
methods used depended on the age and sex of patients.

Repeatability of results using the three methods
(culture, FISH and PCR) amounted to 21 samples
(22.8%). Compatibility between blood culture and
PCR involved 40 samples (43.5%), between blood cul-
ture and FISH: 71 samples (77.1%), while between FISH
and PCR it was observed for 50 samples (54.3%).

Discussion

The American College of Critical Care Medicine/
Pediatric Advanced Life Support (ACCM/PALS) pub-
lished sepsis management guidelines. The “sepsis bun-
dles” were proposed to improve treatment efficacy. The
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Table IV
Sequences of primers and probes (Genomed) utilized in this study.
Amplification | Oligonucleotide 5-3 Origin Target sequences
Bacteria EXT_BAC_F kGCGrACGGGTGAGTAA (Gosiewski, 16S rRNA
Jurkiewicz-Badacz,
EXT_BAC_R | CGCATTTCACCGCTA etal. 2014)
*GN/GP_F GACTCCTACGGGAGGC (Bispo etal. 2011)
*GN/GP_R GCGGCTGCTGGCAC
GP_Probe Hex - CTGAyssAGCAACGCCGCG
- TAMRA (Q)
GN_Probe Cy5 - CCTGAysCAGCmATGCCGCG
~BHQ-2
B-actin gene F GCCAGTGCCAGAAGAGCCAA (Valle Jretal. 2010) | Human f-actin gene
(amplification g TTAGGGTTGCCCATAACAGC
inhibition control)
FISH STA CY3 - TCCTCCATATCTCTGCGC (Kempfetal. 2000) | Staphylococcus spp. — 16S rRNA
ENT 183 CY3-5 - CTCTTTGGTCTTGCGACG | (Friedrich etal. 2003) | Enterobacteriaceae 16S rRNA
EUB338 FITC - GCTGCCTCCCGTAGGAGT | (Amann etal. 1990) | All bacteria - 16S rRNA
- FITC

main objectives were: hemodynamic stability, treat-
ment of infection and lowering oxygen demand (de
Oliveira etal. 2008). According to recommendations,
intravenous antimicrobial therapy should be adminis-
tered as early as possible, i.e. within 1 h of suspecting
sepsis or septic shock. In a retrospective study, Kumar
etal. (2006) have shown that early administration of
appropriate antibiotics improved survival rates in adult
patients with septic shock. Weiss et al. (2014) obtained
similar results for children.

The success of therapy depends to a big extent on
the identification of the etiological factor (Weinstein
etal. 1983; Ibrahim et al. 2000; MacArthur et al. 2004).
Presently, the “gold standard” for diagnosis of sepsis is
a classic blood culture. Surely, the advantages of this
method are its simplicity, low cost and the possibility to
determine drug sensitivity of pathogens. The disadvan-
tages of the method are the time consumption and low
sensitivity. The average time from the blood collection
to results is 3-5 days, and the proportion of positive
cultures to the total number of cultures performed var-
ies from 15 to 30%, depending on the studies (Jamal
etal. 2006; Gosiewski, Flis, etal. 2014). Microbial
growth inhibitors in the form of antibiotics play a major
role in the negative culture results, what was shown in
our study. Positive culture results were obtained from
25.5% of patients without prior antibiotic therapy, and
from only 9.7% after antibiotic use (Table I). Owing
to such results, the search for new techniques to iden-
tify pathogens in the blood is ongoing. FISH and PCR
are relatively well known molecular techniques. FISH
is generally used to study post-culture media samples
(Farina etal. 2012). Presently, the method of sample
purification was worked out by Gosiewski etal. and

a much clearer high-quality microscopic view was
obtained without auto-fluorescence in the background,
which allows the blood examination without the need
for prior cultures (Gosiewski, Flis, Sroka, Kedzierska,
etal. 2014). The PCR method is used, among others,
in the commercially available Septi-Fast test (Roche).
The study is based on the PCR technique and allows to
identify 25 most common microorganisms responsible
for over 90% of sepsis cases. In our study, a nested-mul-
tiplex real-time PCR method worked out by Gosiewski
etal. was used (Gosiewski, Jurkiewicz-Badacz, etal.
2014; Gosiewski, Flis, et al. 2014).

In our study, both molecular methods turned out to
be more sensitive and quicker than the classic culture
and independent of antibiotic therapy. FISH and PCR
were performed in 92 patients and positive results were
obtained in 39.1% and 71.7% of patients, respectively,
whereas using the classical blood culture approach
- only in 18.5% the bacteria were detected In some
samples analysed, DNA of Gram-negative and Gram-
positive bacteria was isolated simultaneously (42.4%
versus 53.3%, respectively). Hence, the sum of results
is higher than the positive results of PCR (71.7%). The
difference in sensitivity of molecular tests vs. blood
cultures results from the fact that cultures detect only
living bacteria, which are able to grow, but molecular
methods also confirm the presence of DNA that may
originate from dead cells (Farina etal. 2012). Repeat-
ability of results using the three methods was 22.8%.
The calculation takes into account both consistent
positive results as well as consistent negative results.
The highest result repeatability (77.1%) was obtained
when comparing blood cultures with FISH; therefore,
it can be assumed that this analytical method could
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be the best alternative to blood culture. On the other
hand, it should be noted that FISH sensitivity is not
high and amounts to circa 10° CFU/ml. Hence, it is pos-
sible that it was the reason of the highest compatibility
with culture (Gosiewski et al. 2011). Furthermore, high
percentage of Gram-positive bacteria may be due to
contamination of the sample with skin bacteria dur-
ing collection or processing, but non-template control
(NTC) gave negative results in PCR. Unfortunately, we
did not obtained consent of the bioethical commission,
especially since the study also involved newborns. Our
previous research showed that bacterial DNA could
be detected by amplification method in the blood of
healthy adult people but its taxonomic composition is
completely different from the one seen in septic patients
(Gosiewski etal. 2017). Also, these results are compa-
rable to our previous studies (Gosiewski etal. 2005;
Zrédlowski etal. 2017). In the literature, there are no
reports on using FISH to detect bacteria directly in the
blood, except for the publications of our team; there-
fore, we cannot compare our results with other studies.

Molecular diagnostics of sepsis is a very hard task.
Unfortunately, the methods of molecular biology
encounter limitations while conducting microbiological
diagnostic of the blood. The difficulty lies in isolating
DNA matrix of a proper quality and of the highest pos-
sible concentration. Different species of bacteria, which
may be biological agents inducing sepsis (sometimes
polietiological) are characterized by varied suscepti-
bility to cell lysis and, consequently, the propensity to
efficient DNA isolation. An additional problem is con-
stituted by the fact that the blood contains heme, which
is a very strong inhibitor of DNA polymerases used
in PCR (Opel etal. 2010). It is still the case that blood
culture remains the basic diagnostic method, although
theoretically a technical potential exists to detect patho-
gens with the molecular methods.
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Badanie miato na celu sprawdzenie czy zastosowanie metody preparatyki krwi
opisanej w pracach nr 1 i 2 cyklu moze zwiekszy¢ wykrywalnos¢ bakterii nie tylko w
probkach krwi pobranych bezposrednio od pacjentéw, ale takze w ptynach
pohodowlanych, w ktérych nie wykazano wzrostu bakterii. Ponadto, sprawdzono, czy
opisana metodyka moze wykrywac bakterie takze w prébkach krwi pobranych od
zdrowych wolontariuszy.

Probki krwi oraz podftoza hodowlane pochodzity od pacjentéw z Oddziatu
Anestezjologii i Intensywnej Terapii Pulmonologicznej Krakowskiego Szpitala
Specjalistycznego im. Jana Pawta Il i zostaty pobrane w latach 2017-2018. Badania
uzyskaty akceptacje Komisji Bioetycznej UJ nr 1072.6120.131.2017 z dn. 28 wrzesnia
2017. Kryteria wtgczenia do badania: pisemna zgoda pacjenta, spetnione aktualnie
obowigzujgce kryteria sepsy, bazujgce na skali SOFA (Sepsis-related (Sequential) Organ
Failure Assessment Score) definiujgcej niewydolnos$¢ narzagdowg. Sepsa, to nagte
zwiekszenie wyniku oceny w skali SOFA o >2 pkt przy wspodtistniejgcym zakazeniu.
Kryteria wykluczenia z badania: brak zgody pacjenta, SOFA < 2, niepetne zestawy krwi
oraz wzrost bakterii w hodowli krwi. Kryteria wtgczenia do grupy kontrolnej: pisemna
zgoda ochotnika, brak objawodw infekgji.

Pobrano tgcznie 96 zestawow krwi od pacjentdw z rozpoznang sepsg oraz 57
probek krwi grupy kontrolnej od zdrowych ochotnikow. Pojedynczy zestaw sktadat sie z
krwi pobranej na hodowle w kierunku bakterii tlenowych (10 ml) i beztlenowych (10 ml)
oraz osobnej probki krwi (2 ml) w probdwce Vacutainer K3sEDTA (BectonDickinson). Krew
pobrana na podfoze BacT/ALERT®3D(bioMérieux) analizowana byta w automatycznym
systemie wykrywania drobnoustrojéw firmy BactAlert (bioMérieux), w Pracowni
Mikrobiologii Krakowskiego Szpitala Specjalistycznego im. Jana Pawta II. Probki krwi byty

natychmiast zamrazane i przechowywane w temperaturze minus 70-75°C w Pracowni
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Mikrobiologii Uniwersytetu Jagiellonskiego do czasu analizy. Krew po hodowli, ktora nie
wykazata wzrostu réwniez byfa zamrazana i przechowywana w Pracowni Katedry
Mikrobiologii UJ CM w temperaturze minus 70-75°C do czasu dalszej analizy. Nastepnie
badany materiat rozmrazany byt etapowo i poddawany dalszej obrdbce zgodnie z
procedurg opisang w pracy nr 1 i badane przy pomocy metod barwienia Grama oraz FISH.
Uzyskane wyniki badan poddano analizie statystycznej przy uzyciu parametrycznych i
nieparametrycznych testéw za pomocg oprogramowania IBM SSPS Statistics Software,
ver. 25 (IBM Corp., Armonk, NY, USA). Zmienne skategoryzowane poddano analizie z
uzyciem testu Chi-kwadrat lub testu Fishera. Zmienne ciggte analizowano z uzyciem testu

t. Weryfikacje hipotez statystycznych przeprowadzono na poziomie istotnosci p< 0.05.

Po wykluczeniu niepetnych zestawdw krwi oraz hodowli, ktére wykazaty wzrost,
tacznie analizie metodg Gram i FISH poddano 82 zestawy prébek od pacjentéw
spetniajgcych kryteria kliniczne sepsy oraz 57 probek krwi pochodzgcych od zdrowych
ochotnikéw. Odsetek bakterii wykrytych przy pomocy metody barwienia Grama wynosit:
35,4% dla ujemnych hodowli tlenowych, 31,7% dla ujemnych hodowli beztlenowych,
62,2% dla prébek krwi pacjentow septycznych oraz 38,6% dla probek krwi grupy
kontrolnej. Odsetek wykrytych bakterii metodg FISH wynosit: 56,1% dla ujemnych
hodowli tlenowych, 64,6% dla ujemnych hodowli beztlenowych, 75,6% dla prébek krwi
pacjentow septycznych oraz 64,9% probek krwi pochodzacych od zdrowych ochotnikow.
Na podstawie analizy obrazu mikroskopowego preparatéw FISH z krwi i butelek
ujemnych, pochodzgcych od pacjentdow z sepsg oraz krwi z grupy kontrolnej stwierdzono,
ze we wszystkich przypadkach widoczne byty skupiska komdrek bakteryjnych, ktore
ulegty fagocytozie. W przypadku preparatéw barwionych za pomocg metody Grama, nie
uwidoczniono komdérek fagocytujgcych (z uwagi na niespecyficzne barwienie), a jedynie
skupiska komérek bakterii.

Analizie poddano réwniez zgodnos¢ wynikow uzyskanych z metod barwienia
Grama i FISH. Wynik uznawano za zgodny, jesli byt pozytywny lub negatywny w
przypadku obu metod diagnostycznych dla konkretnej prébki. W grupie z sepsg wyniki
zgodne byty odpowiednio w 86,6% dla prébek krwi zylnej, 67,1% butelek beztlenowych i
79,3% butelek tlenowych, w grupie kontrolnej 73,7% dla probek krwi. Zgodnos¢
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barwienia Grama z metodg FISH byta istotna statystycznie (p<0.05) dla wszystkich
analizowanych wariantéw w obu grupach.

Badano takze korelacje pomiedzy skalg SOFA (wartos¢ srednia 6, przedziat 17),
stezeniem CRP (wartosc¢ $rednia 194, przedziat 644) i stezeniem prokalcytoniny (wartosé
Srednia 6, przedziat 102), a czestosScig pozytywnych lub negatywnych wynikéw badanych
preparatow, ale badane parametry nie wykazaty zaleznosci istotnych statystycznie
(p>0,05).

Czas potrzebny do uzyskania wyniku badania przy uzyciu metody barwienia
Grama wynosit 1 godzine, zas dla FISH wynosit 4 godziny. W przypadku metody posiewu,
uwzgledniajac czas hodowli nawet kilka dni.

Whioski:

1. Wykorzystana metoda preparatyki krwi zwiekszyta skutecznos$¢ wykrywania
drobnoustrojéw w poréwnaniu do tradycyjnej hodowli oraz umozliwita detekcje
bakterii we krwi petnej zarowno barwieniem Grama jak i metodg FISH.

2. Najwyzszy odsetek wynikow pozytywnych uzyskano z uzyciem metody FISH.

3. Barwienie Grama i metoda FISH umozliwity takze wykrycie bakterii w materiale
po hodowli, ktory nie wykazat wzrostu.

4. Obie metody wykazaty obecnos¢ bakterii zarowno u pacjentdw z sepsg jak i u
zdrowych ochotnikdéw, co potwierdza dotychczasowe doniesienia o statej
‘fizjologicznej” bakteriemii.

5. Zarowno u pacjentdw z objawami sepsy jak i u osdb zdrowych, zwizualizowane

bakterie obecne byty wewnatrz leukocytéw (sfagocytowane).
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Abstract: Standard blood cultures require at least 24-120 h to be reported as preliminary positive.
The objective of this study was to compare the reliability of Gram staining and fluorescent in-situ
hybridization (FISH) for detecting bacteria in otherwise negative blood culture bottles. Ninety-six sets
were taken from patients with a diagnosis of sepsis. Six incomplete blood culture sets and eight blood
cultures sets demonstrating positive growth were excluded. We performed Gram stain and FISH on
82 sets taken from post-operative septic patients: 82 negative aerobic blood cultures, 82 anaerobic
blood cultures, and 82 blood samples, as well as 57 blood samples taken from healthy volunteers.
From the eighty-two blood sets analyzed from the septic patients, Gram stain visualized bacteria in
62.2% of blood samples, 35.4% of the negative aerobic bottles, and in 31.7% of the negative anaerobic
bottles. Utilizing FISH, we detected bacteria in 75.6%, 56.1%, and 64.6% respectively. Among the
blood samples from healthy volunteers, FISH detected bacteria in 64.9%, while Gram stain detected
bacteria in only 38.6%. The time needed to obtain the study results using Gram stain was 1 h, for FISH
4 h, and for the culture method, considering the duration of growth, 5 days. Gram stain and FISH
allow quick detection of bacteria in the blood taken directly from a patient. Finding phagocytosed
bacteria, which were also detected among healthy individuals, confirms the hypothesis that blood
microbiome exists.

Keywords: sepsis; bacteremia; blood culture; Gram staining; Fluorescence in-situ Hybridization(FISH)

1. Introduction

Sepsis is “a life-threatening organ dysfunction caused by a dysregulated host response to infection”
as defined by the Society of Critical Care Medicine and European Society of Intensive Care Medicine
Task Force (SCCM/ESICM Sepsis Definitions Task Force). The preliminary diagnosis is usually based
on the clinical picture and is often made before any laboratory results become available [1], while the
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diagnostic and prognostic assessments are based on sepsis-related organ failure assessment (SOFA)
or the quick SOFA (qSOFA) scores [2]. The SOFA score includes: PaO2/FiO2, the need of mechanical
ventilation, Glasgow Coma Scale, mean arterial pressure, platelet count, bilirubin and creatinine level.

The global incidence of sepsis is difficult to ascertain due to lack of or insufficient reporting,
but it ranges from 73.6/100,000 in the United States in 1979 to 1180/100,000 in Northern Australia
from 2007 to 2008 [3,4]. In 2016, the global incidence of sepsis was estimated at 31 million cases per
year (437 per 100,000) and its mortality, around 5 million/year. Being that sepsis is the main cause of
mortality worldwide [5], the prompt identification of the source of infection and determination of
the etiologic agent are important for optimization of therapy, including the selection of an effective,
targeted antibiotic therapy, which can contribute to improved prognosis in patients with sepsis.

The detection of bacteria in the blood can be difficult due to a variety of causes ranging from the
relatively small number of organisms at a given time, their periodic seeding into the bloodstream, and
the antibiotic therapy applied which can remain in the culture media reducing the chances of recovering
microorganisms in the cultures. The current gold standard in microbiological diagnostics involves
culturing blood samples in automated systems such as BACTEC (Becton Dickinson). The flaws of the
blood culture method include the time needed to detect growth, which can take up to several days,
and its low sensitivity, leading to detection of microbial growth in the range 15-61% of cases with
30-50% on average [6,7].

Attempts have been made to enhance the effectiveness of detection of etiologic agents using
serological and molecular methods. Serological methods identify microbial components, such as
lipopolysaccharide (LPS) of Gram-negative bacteria or mannan and galactomannan of fungi [8-10],
while molecular methods detect the microbial genetic material in a shorter time and with higher
precision than the traditional culture method [11,12]. Molecular methods do not require microbial
growth in a culture medium and do not depend on previous antibiotic therapy [13-15].

Serological and molecular diagnostics are, however, expensive and require special expertise.
Therefore, screening methods could be very beneficial as they would facilitate the detection of bacteria
(bacteremia) and fungi (candidemia) in the blood or, allow a higher efficacy of microorganism detection
especially in standard blood culture that failed to show growth [16,17]. Among the screening methods,
Gram staining and FISH (fluorescence in-situ hybridization) are useful as they allow the visualization
of microbial cells in the direct smear [13,18-20].

Due to the poor recovery rate of the standard blood culture method, the objective of this study
was to assess if the gold standard method may omit the presence of bacteria in some of the tested
blood samples. We aimed to ascertain not only if detection of bacteremia is feasible utilizing Gram
stain and FISH on reportedly negative blood cultures and blood samples of healthy volunteers but also
to compare these two screening methods.

2. Materials and Methods

2.1. Patients

The study was conducted at the John Paul II Specialist Hospital in Cracow, Poland, which
admits over 20,000 patients/year, and performs about 2000 open heart procedures and 1100 thoracic
procedures annually.

Blood samples (2 mL) and standard blood culture were taken from patients admitted to the
Intensive Care Unit (ICU) (Table 1). The study was conducted from August 1, 2017 to December
31, 2018. The patients who took part in the study had undergone thoracic surgery subsequently
developing post-operative pulmonary complications for which intravenous antibiotics had been
initiated. During the course of the ICU stay, the patients demonstrated new signs and symptoms of
sepsis (SOFA > 2); laboratory tests were ordered including blood cultures and other basic labs. In total,
96 septic patients with a SOFA score > 2 points were enrolled in the study. SIRS score and inflammatory
markers (CRP, procalcitonin) were monitored but were not a part of the inclusion criteria of the study.
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Exclusion criteria were SOFA score < 2, incomplete blood sets, and growth of bacteria in blood cultures.
The 57 healthy volunteers were recruited by advertisements posted in the hospital’s Bulletin Board.
Inclusion criteria was the absence of inflammation markers (CRP, leukocytosis).

Table 1. Clinical characteristics of studied patient groups.

Sepsis Group — Blood Cultures

Control Group (n = 57)

Negative (1 = 82) Positive (n = 8)
Sex (male/female) 0.64 (£ 0.2) 0.85 (= 0.4) 0.31 (£ 0.1)
Age (year) 69.4 ( 11.2) 58.8 (+ 9.4) 39.6 (+ 7.9)
BMI (kg/m?) 22.7 (+ 4.8) 23.5 (+ 3.8) 24.5 (+1.9)
SOFA score 7.9 (+4.1) 6.6 (+ 4.7) N/A
WBC (10°/L) 17.2 (+ 10.9) 18.1 (+ 11.3) 45 (+0.8)
CRP (mg/L) 194.1 (+ 140.5) 175.5 (+ 150.8) 1.4 (£ 0.6)
PCT (ng/mL) 5.9 (+ 0.6) 52 (+0.7) N/A

SOFA score - sepsis-related organ failure assessment; WBC — White Blood Cells; PCT — procalcitonin; CRP - C-reactive
protein; BMI - Body Mass Index.

Ethics consideration: All subjects gave their informed consent for inclusion before they participated
in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the Jagiellonian University Bioethical Committee (No. 1072.6120.131.2017) on
28 September 2017.

2.2. Samples

In total, 96 blood set were taken from septic patients with a SOFA score > 2 points [2]: 2-3 blood
sets were taken from different anatomical sites for standard microbiological diagnostics. A single
set consisted of blood taken for aerobic and anaerobic bacterial cultures and a separate 2 mL blood
sample. Under strict sterile conditions, blood cultures (aerobic and anaerobic bottles-FAN Plus media
(bioMérieux) with adsorbent polymeric beads (APB) to neutralize antimicrobials) were drawn (10 mL
each) from the patients with sepsis and inoculated into the BacT/ALERT®3D system (bioMérieux,
Marcy-1'Etoile, France) blood culture media. During the same phlebotomy, a 2-mL blood sample was
also collected from the septic patients into VACUETTE® TUBE K3E (Becton Dickinson, Eysins, Vaud.
Switzerland).

Fifty-seven 2-mL blood samples were drawn into VACUETTE® TUBE K3E (Becton Dickinson,
Eysins, Vaud. Switzerland) from healthy volunteers under sterile conditions.

The blood culture bottles were sent promptly to the Microbiology laboratory and placed in the
BacT/ALERT®3D system (bioMérieux, Marcy—l’Etoile, France). The 2-mL blood samples from the
septic patients and the healthy volunteers were stored at —72 °C until further analysis. After 5 days of
incubation, the negative blood culture media were also frozen at —72 °C and maintained until enough
samples had been collected prior to working in batches.

The next step was defrosting of the 2-mL blood samples and the blood culture media samples
using a warm bath at 37 °C. After defrosting, the samples were ready to undergo the FISH method and
Gram staining according to the procedures described below.

2.3. Blood Purification, Pellets Separation, and Direct Smear Preparation

Utilizing the methodology described by Gosiewski et al. (2017), erythrocytes and hemoglobin
(creating a strong background) were removed from the blood samples and culture media using
ammonium chloride solution. The next phase consisted of sample concentration by centrifugation.
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The obtained pellet of leukocytes was then used to prepare the microscope slides for Gram staining
and FISH [21,22].

2.4. Gram Staining

The standard Gram stain technique was carried out and the smears were examined using the
CX21 light microscope (Olympus, Olympus Corporation, PA, USA 18034-0610).

2.5. Fluorescence in-situ Hybridization (FISH).

The blood samples were subjected to the FISH methodology previously described by our group,
which allows the visualization of bacterial DNA or localized bacterial RN As within cells [11,13].
The FISH technique can be summarized as follows: The leukocyte pellet sample was fixed utilizing
4% paraformaldehyde, followed by a 96% solution of methanol, air drying, application of the
probe, denaturation by heating at approximately 50 °C, removing the unbound probe and applying
4’,6- diamidino-2-phenylindole (DAPI) (Sigma, Poznan, Poland) which is a fluorescent stain that
binds strongly to adenine-thymine rich regions in the DNA. To detect bacteria in the samples,
the following probes labelled with fluorophores were employed (Genomed, Warsaw, Poland): to detect
all bacterial species-probe EUB338: (FITC-5'-GCT GCC TCC CGT AGG AGT-3’-FITC) [23], for the
genus Staphylococcus-probe STA: (CY3- 5'-TCC TCC ATA TCT CTG CGC 3’) [24], and for the
Enterobacteriaceae-probe ENT183: (CY3- 5’-CTC TTT GGT CTT GCG ACG-3’) [25]. Leukocytes were
stained using the DAPI dye (Sigma). The probes encompassed over 95% of bacterial taxa present in
the blood of patients with sepsis. FISH smears were examined using a BX51 fluorescence microscope
(Olympus) equipped with a 100x immersion objective, a UV lamp (Olympus, Olympus Corporation, PA,
Corporation, USA 18034-0610) and an F-View camera (Olympus, PA, USA, 18034-0610). Image analysis
was carried out with the use of AnalySYS (Soft Imaging, Warsaw, Poland) computer software.

2.6. Statistical Analysis

The results were subjected to statistical analysis using parametric and nonparametric tests using
IBM SPSS Statistics Software, ver. 25 (IBM Corp., NY,10504-1722 USA). Categorical variables were
examined using the chi-square test or Fisher’s exact test. Continuous variables were analyzed using
the t-test. Statistical hypotheses were verified at the significance level of p < 0.05.

3. Results

The patients who took part in the study met the SOFA criteria of sepsis after a thoracic surgery.
The mean SOFA score ranged from 6.6 in patients with positive blood cultures to 7.9 in patients with
negative blood cultures.

From the 96 sets taken from patients with a diagnosis of sepsis, six incomplete blood culture
sets and eight blood culture sets demonstrating positive growth were excluded. The following
microorganisms were found in blood samples excluded from the study: Staphylococcus aureus, S.
epidermidis (two patients), Klebsiella pneumoniae, Streptococcus mitis, S. haemolyticus, Lactobacillus spp.,
Candida albicans.

Therefore, 82 blood sets from the sepsis group (2-mL blood samples plus the aerobic and anaerobic
bottles) and 57 blood samples from the control group were analyzed using both Gram stain and FISH.

Below, in Figures 1 and 2, the results of the study (Gram stain and the FISH method) are presented
for the septic patients and the healthy volunteer groups.
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Figure 1. Gram stain results for blood samples, aerobic and anaerobic bottles in the group of patients
with sepsis and for blood samples in the control group; (n)—absolute values of visualized bacteria.
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sepsis and for blood samples in the control group; (1)—absolute values of visualized bacteria.
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“Total” for Gram stain and the FISH methods indicates that bacteria, including cocci, rods,
and others were visualized. In the analyzed samples, Gram-negative and Gram-positive bacteria were
often isolated simultaneously (e.g Gram staining of blood samples in sepsis group visualized cocci in
54.9% and rods in 22%). Hence, the sum of results is higher than the total positive results (62.2%).

The Gram stain technique was able to detect bacteria in 62.2% (51/82) of 2-mL blood samples
from the sepsis group, 35.4% (29/82) of aerobic bottles, 31.7% (26/82) of anaerobic bottles, and in 38.6%
(22/57) of 2-mL blood samples from the control group. The FISH methodology detected bacteremia
in 75.6% (62/82) of 2-mL blood samples, 56.1% (46/82) of aerobic bottles, 64.6% (53/82) of anaerobic
bottles and in 64.9% (37/57) of 2-mL blood samples from the control group (Figure 3). For each type of
sample, FISH gave a higher percentage of positive results than the Gram staining method (Table 2).
The differences were statistically significant (p < 0.05).

Gram vs FISH - total detected bacteria
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Anaerobic bottles - sepsis group I 31.7%

56.1%

I 35.4%

Aerobic bottle - sepsis group

75.6%

I mmmm—— ©2.2%

blood sample - sepsis group

64.9%

I 38.6%
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Figure 3. Total Gram stain and FISH results for blood samples, aerobic and anaerobic bottles in the
group of patients with sepsis and for blood samples in the control group.

On the basis of microscopic image analyses of FISH smears from the blood, negative bottles
derived from patients with sepsis and the blood from the control group, it was found that, in all the
cases, there were clusters of bacterial cells which had undergone phagocytosis, visible in leukocytes
stained blue with the use of DAPI (Figure 4). As for the smears that were Gram stained, phagocytic
cells were not visualized (due to the nonspecific dye); however, there were clusters of bacterial cells.

Concordance of results obtained from Gram stain and FISH was also analyzed. The result was
deemed concordant if, when applying both research methods, it was possible to visualize bacteria in
the same sample or when no bacteria was found in the same sample. In the group with sepsis, the
results were concordant in 86.6% for blood samples, 67.1% for anaerobic bottles, and 79.3% for aerobic
bottles; in the control group, results were concordant in 73.68% for blood samples. The concordance of
Gram stain and FISH was statistically significant (p < 0.05) for all variants analyzed in both groups.

Correlation was also studied between the SOFA score (mean 6, range 17), the levels of CRP (mean
194, range 644) and procalcitonin (mean 6, range 102), as well as the frequency of positive or negative
results for the smears tested; however, the examined parameters did not show statistically significant
dependencies (p > 0.05).

The time necessary to complete the testing using Gram stain was 1 h, while for FISH, it was 4 h.
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Figure 4. FISH photos from a fluorescent microscope: (A1,A2) blood sample from septic patients—smear
with probes STA and EUB338—visible phagocytosed Staphylococcus spp. cells; (B1,B2) negative
samples in blood culture media—smear with probes STA, ENT183 and EUB338—visible phagocytosed
Staphylococcus spp. and Enterobacteriaceae cells; (C1,C2) blood sample from healthy volunteers—smear
with probes STA and EUB338 smear with probes STA, ENT183 and EUB338— visible phagocytosed
Staphylococcus spp. and Enterobacteriaceae cells. 1000x zoom.
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Table 2. Quantitative comparison of positive and negative results obtained by Gram staining and FISH
methods for blood samples, aerobic and anaerobic bottles in the group of patients with sepsis and for
blood samples in the control group.

[%] FISH
Blood Samples — Control Group
bacteria not found bacteria visualized
bacteria not found 35.1 26.3
bacteria visualized 0.0 38.6

Blood Samples — Sepsis Group

Gram stain bacteria not found bacteria visualized
bacteria not found 24.4 13.4
bacteria visualized 0.0 62.2

Aerobic Bottles Samples — Sepsis Group

bacteria not found bacteria visualized
bacteria not found 439 20.7
bacteria visualized 0.0 35.4

Anaerobic Bottles Samples — Sepsis Group

bacteria not found bacteria visualized
bacteria not found 24.4 45.3
bacteria visualized 11.0 19.3

The differences were statistically significant (p < 0.05).

4. Discussion

Experts agree that sepsis defines a collection of organ failure symptoms caused by infection [26].
Sepsis is a set of symptoms caused by systemic inflammation due to bacterial or fungal infection.
Symptomatic bacteremia does not necessarily mean sepsis, but it is classified as a blood stream infection
(BSI) and requires microbiological diagnostic of blood.

Until now, the blood culture has been the gold standard with regard to detecting bacteria in
blood. The advantages of this method lie in its undeniable simplicity, low costs, and the possibility
to determine the susceptibility/resistance of bacteria to antibiotics. The unquestionable flaws are its
sensitivity and the long time needed for bacterial growth. Positive blood cultures in patients with
sepsis were found in 15-61% of cases, 30-50% on average [6,7].

A low proportion of positive bacterial cultures, the discovery of endo- and exotoxins and the
phenomenon of systemic inflammatory response led researchers to the conclusion that sepsis is not
always accompanied by bacteremia [8-10], but its appearance is associated with a much higher
mortality [27]. The approach to this issue is changing with the modifications to the definition of sepsis
and the developments regarding diagnostic methods. The application of molecular biology techniques
in diagnostics, among others, new-generation sequencing based on analysis of 165 rDNA, made it
possible to discover new phenomena. The most surprising fact was the discovery of genetic material
of bacteria in the blood of all subjects, both healthy volunteers and patients with sepsis [12,27,28].
However, in healthy volunteers mostly anaerobic bacteria DNA was found, while in septic patients
the predominance of aerobic bacteria DNA was observed. The term “blood microbiome” has even
been invented to refer to the taxonomic diversity of the numerous traces of bacteria that are present
in the blood [28,29]. Their location and forms can vary. Some are identified following lysis of
erythrocytes [30,31] (L-forms), dysfunctional in terms of the cell wall and cell division but showing
activity [32]. Some of them are present in the intracellular form in phagocytes and are referred to as
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neutrophil-associated microbiomes (NAMs), and such a form was identified in our study using the FISH
method. Neutrophil dysfunction may lead to excessive release of bacterial material from phagocytes,
which will overpower their phagocytosis and change the image of the blood microbiome [32-34].

Traditional methods in automated blood culture systems detect only living bacteria, capable of cell
division, while the Gram stain and molecular methods can confirm the presence of cell structures or their
nucleic acids, without information on the metabolic activity of cells [17]. In our study, we attempted to
increase the detectability of bacteria directly in the blood and post-culture fluids using Gram stain
and FISH with the application of the methodology that was devised by our team. Eight (8.9%) out of
90 of the collected blood culture sets demonstrated growth. The low percentage of positive cultures
compared to global data may have probably been associated with the use of antibiotics prior to blood
sample collection for microbiological testing. The clinical characteristics of the group of patients
excluded from the study, due to positive blood culture results, is similar to the study group, therefore
the condition of the patients could not affect the culture results (Table 1). Patients who took part in the
study had undergone thoracic surgery, in which infectious pulmonary complications were predominant.
For that reason, the patients had received intravenous antibiotics before the development of septic
symptoms, which might have influenced the results of blood cultures, but not the results obtained
through Gram stain or FISH [13]. Despite the antibiotic therapy applied and the fact that the amount of
blood drawn for testing was modest, both methods allowed the visualization of bacteria in the blood
of those patients whose cultures gave negative results (Figures 1-3). Moreover, these methods also
enabled us to detect bacteria in post-culture fluids, which were considered negative by the automated
blood culture system; therefore, a portion of the results may probably be classified as false negatives.

It was very interesting to learn that, in the case of all the samples in which the presence of bacteria
was confirmed through the application of FISH, it was possible to visualize large amounts of bacterial
cells enclosed in leukocytes stained with DAPI (probably due to phagocytosis), which may explain
the lack of bacterial growth (Figure 4). Also, 65% of blood samples drawn from healthy volunteers
showed, owing to FISH, the presence of phagocytosed bacteria (Figures 2—4). Our observations are
confirmed by the study by Li et al. (2018), which showed the presence of the aforementioned specific
neutrophil-associated microbiome in healthy individuals and patients with sepsis [29]. It cannot be
ruled out that, in the case of sepsis, there are so many bacteria in the blood that phagocytosis is not
effective enough, hence, bacterial antigens stimulate the inflammatory process. On the other hand, in a
healthy adult, bacteria are quickly phagocytosed and have no opportunity to trigger inflammation, but
they can be detected using molecular biology methods. Results of the Gram stain did not demonstrate
the presence of phagocytes (given the lack of specific staining), however, they allowed the presence of
clusters of bacterial cells to be revealed.

The greatest controversy regarding the application of highly sensitive research methods is the
possibility of obtaining false positive results through contamination of the sample, usually with
microorganisms that can be found on the skin. Collecting an uncontaminated blood sample is the
key stage when carrying out a blood culture, Gram staining, as well as molecular methods. A false
positive is defined as growth of bacteria in a blood culture bottle when they are absent in the patient’s
bloodstream. The source of the contamination may be the patient’s skin, but also the hands of the
person who is taking the sample, the tools utilized, or the immediate surroundings. Microorganisms
such as Corynebacterium, Cutibacterium, coagulase-negative staphylococci, or Bacillus spp. are often
present on the skin, but they rarely cause serious infections. Finding them in a single blood culture
may be treated as contamination of no clinical significance. One should also pay attention to the
fact that coagulase-negative staphylococci may be the cause of catheter-related bloodstream infection
(CRBSI) and central line-associated bloodstream infection (CLABSI) or may be the etiologic agent
behind bacteremia or sepsis. Bacterial cultures may show growth of bacteria released from the biofilm
that covers vascular catheters and from other sources, e.g., bone infections [35,36]. Furthermore, for all
samples that showed the presence of bacteria owing to FISH, bacterial cells were visualized enclosed
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in phagocytes, which proves that they did not come from the outside, hence, they were not a result of
contamination (Figure 4).

Detection of bacterial cells in blood samples (especially in healthy volunteers) might be a
consequence of transient bacteremia. In the literature, its descriptions appear most often in the context
of invasive dental or surgical procedures. While the study group of patients (with clinical symptoms
of sepsis) underwent thoracic surgery, the control (healthy) group did not undergo any surgical
intervention. It is very difficult to clearly determine the percentage of false positive blood test results
because there are no specific determinants of contamination—it is only possible to determine a higher
or lower probability which could have been higher in the study group.

There are few studies that confirm the possibility of bacterial detection in negative blood culture
fluids, with the use of an additional culture on enriched media or using Gram stain, however, due to
the lack of a procedure for concentrating or purifying the samples or the use of FISH, the authors
obtained lower percentages of bacterial detection compared to our results [37,38]. In the literature,
there are no reports on the detection of bacteria directly in the blood using FISH, apart from the
studies by our team, so we cannot compare the obtained results with other studies [13,20]. With the
use of FISH, a high percentage of genetic material of Gram-negative bacteria in the blood samples
of healthy individuals was detected, which would argue for the translocation of bacteria into the
bloodstream and, generally, for the existence of bacterial DNAemia phenomenon, in completely healthy
people [39-41]. The presence of bacterial ribosomal RNA signals the presence of bacterial cells, hence,
also their DNA, since ribonucleic acid degrades very quickly, in contrast to deoxyribonucleic acid.
Elevated levels of circulating free DNA (cfDNA) in the blood that come directly from the breakdown
of bacterial or phagocytic cells as well as resulting from necrosis or apoptosis have been described
in pathological condition (sepsis, inflammation, stroke, cancer), physiological conditions (pregnancy,
physical exertion), and following surgical procedures [41-43].

The studies are based on the detection of microbial DNA using state-of-the-art molecular methods
such as NGS (Next Generation Sequencing) or PCR (Polymerase Chain Reaction), which identify
specific fragments of microbial DNA. These techniques, however, do not answer the question of
whether the detected DNA was contained in a living or dead cell, or whether it is the result of the
breakdown or release of DNA into the bloodstream by phagocytic cells. FISH and Gram staining may
detect dead bacterial cells inside phagocytic cells which can explain the detection of bacteria in the
negative blood cultures and in the blood taken from healthy volunteers. Non-specific binding of Gram
dyes or probes to non-bacterial targets might occur, but it is easily distinguished from the shape of
bacterial cells. Owing to the blood sample purification method that was applied by our team, it was
possible to obtain a high-quality microscopic image, which allowed us to directly visualize the Gram
stained bacterial cells, but also was an opportunity to detect genetic material inside bacterial cells,
which confirms our previous observations [20-22].

The FISH and Gram staining methods allowed the detection of bacterial cells but did not provide
information about whether the cells were alive or dead. It is possible that in the study group, in which
clinical signs of infection were present, live bacterial cells were detected, but in the control group,
dead bacteria could probably be found. The use of diagnostic methods, which do not determine the
status of the microorganism cells, may lead to a clinically false positive result. On the other hand,
blood culture (detection of live cells) often fails, despite the presence of clinical signs of blood stream
infection. FISH methodology detects in-situ bindings of the nucleic acid probe, which is supposed to
be specific to the segment of a bacterial genome, while Gram staining visually detects the morphology
of the microscopic image which supports the presence of the bacterial cell. However, without proper
negative control, one does not guarantee analytical specificity. Repetitive testing (10 times for example)
over the same “seemingly” negative or positive blood samples might give a statistical indication of the
analytical specificity of this methodology. Therefore, clinical assessment of the patient’s condition is
critical and in this context the analysis of the results of microbiological blood tests is very important.
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We also attempted to correlate the SOFA score, procalcitonin levels, CRP, or the leukocyte count
with the frequency of positive results of Gram stain or FISH, but the results did not show statistical
significance. Lack of correlation of the clinical picture and the levels of inflammatory parameters with
the frequency of the detection of bacterial material can be explained by the presence of microorganisms
in both healthy and septic individuals, which is also confirmed by other researchers [12,28,29,44].

LIMITATIONS OF THE STUDY: Our study has several limitations worth noting. It is a single
center study, limited by a small sample size of 82 sets, use of antibiotics before drawing blood cultures,
the number of bacteria depended on the amount of inoculated blood, lack of blood cultures in the
control group, and positive cultures in the sepsis group, as well as possible contamination of samples
during collection of blood and further laboratory testing.

5. Conclusions

FISH demonstrated greater sensitivity in comparison with Gram staining. Both methods enable
the detection of bacteria in media culture that did not show growth. Both methods revealed the
presence of bacteria in the blood of patients with sepsis and the control group, which confirms the
reports to date regarding the constant ‘physiological bacteremia’. Further studies are necessary to
distinguish between contamination, asymptomatic bacteremia, and fully symptomatic clinical sepsis.
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OSWIADCZENIE

Jako wspétautor pracy pt. ,Classical Microbiological Diagnostics of Bacteremia: Are the
Negative Results Really Negative? What is the Laboratory Result Telling Us About the "Gold
Standard"?”, o$wiadczam, iz modj wkiad merytoryczny w przygotowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji to: pozyskanie finansowania
odczynnikéw, wspétudziat w badaniach laboratoryjnych oraz wykonanie zdje¢ preparatédw

mikroskopowych.
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i interpretacji wynikéw oraz przygotowaniu manuskryptu tej pracy.

:D()w{m% \g&\/&wm

(podpis wspotautora)



Nowy Jork, USA, dnia 20 kwietnia 2020r.
Isabel McFarlane, MD FACP
Clinical Assistant Professor
Department of Medicine
State University of New York

Downstate Health Sciences University

OSWIADCZENIE

Jako wspétautor pracy pt. ,Classical Microbiological Diagnostics of Bacteremia: Are the
Negative Results Really Negative? What is the Laboratory Result Telling Us About the "Gold
Standard"?”, oswiadczam, iz mdj wkiad merytoryczny w przygotowanie, przeprowadzenie
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Praca doktorska Tomasz Zrédtowski

GENERALNE WNIOSKI:
Zastosowana metodologia umozliwita detekcje bakterii we krwi petnej zarowno

przy uzyciu barwienia Grama, ale takze za pomocg metod FISH czy PCR.

Metody Gram i FISH pozwolity réwniez na wykrycie bakterii w ujemnych prébkach
po hodowli krwi, co pokazuje niskg skuteczno$é¢ ,ztotego standardu”
diagnostycznego.

Stosowanie antybiotykoterapii istotnie obniza skutecznos$¢ hodowli krwi
w przeciwienstwie do metod PCR i FISH.

Barwienie metodg Grama oraz FISH pozwolity wykry¢ obecnos¢ bakterii zarowno
u pacjentdow z sepsg jak i zdrowych ochotnikéw, co moze potwierdzac
dotychczasowe doniesienia o wystepowaniu statej ‘fizjologicznej’ bakteriemii.
Barwienie Grama i metoda FISH sg tanie, tatwo dostepne, znacznie skracajg czas
diagnostyki bakteriologicznej i by¢ moze, mogtyby znalez¢ swoje miejsce jako

metody skriningowe w sepsie.
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Praca doktorska Tomasz Zrédtowski

V.  STRESZCZENIE:

Zastosowanie modyfikowanych technik fluorescencyjnej hybrydyzacji in situ (FISH) i

barwienia Grama jako testéw skriningowych w diagnostyce sepsy.

Sepsa to ,zagrazajgca zyciu dysfunkcja narzagdowa spowodowana zaburzong
regulacjg odpowiedzi ustroju na zakazenie”.
taczna liczba zachorowan na sepse na $wiecie jest trudna do ustalenia z powodu
niedoskonatego raportowania. Szacuje sie, ze czestos¢ wystepowania sepsy na Swiecie
wynosi 31 milionéw przypadkow rocznie (437 na 100 000), a Smiertelnosc z nig zwigzang
na okofo 5 milionéw rocznie.

Diagnostyka mikrobiologiczna bakteriemii opiera sie na hodowli krwi. Jej zaleta
jest prostota i niski koszt, zas wadg czasochtonnos¢ oraz niska czutos¢. Dodatnie wyniki
stwierdza sie w 15-61% przypadkow. Czas wigczenia skutecznej antybiotykoterapii ma
bezposrednie przetozenie na szanse przezycia. Metody molekularne oparte o analize
materiatu genetycznego sg kosztowne i dostepne tylko w niektérych osrodkach
badawczych.

W ramach pracy doktorskiej podjeta zostata préba zwiekszenia wykrywalnosci
bakterii we krwi za pomocg skriningowych metod barwienia Grama i Fluorescencyjnej
Hybrydyzacji in Situ (FISH).

Uzyskane wyniki potwierdzity skutecznos$¢ obu metod w badaniu prébek krwi
petnej - istotnie wyzsze odsetki wynikow pozytywnych w stosunku do hodowli krwi.
Ponadto, umozliwity wykrycie bakterii w ujemnych probkach po hodowli, a takze w
probkach krwi od zdrowych wolontariuszy, co moze potwierdza¢ dotychczasowe

doniesienia o wystepowaniu statej ‘fizjologicznej” bakteriemii.
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V. SUMMARY:

The modified technique of fluorescent in situ hybridization (FISH) and Gram staining as

screening tests for sepsis.

Sepsis is “a life-threatening organ dysfunction caused by a dysregulated host response

to infection”.

The global incidence of sepsis is difficult to ascertain due to lack of or insufficient
reporting. The global incidence of sepsis was estimated at 31 million cases per year (437

per 100,000) and its mortality, around 5 million/year.

The microbiological diagnostics of bacteremia consists of blood culture. The advantage
of this method is its simplicity and cost effectiveness. The disadvantage is that this
method is time-consuming and has low sensitivity. Bacterial growth is detected in 15-
61%. Time needed to initiate a targeted therapy has a direct impact on patient’s survival.
Molecular methods based on the genetic analysis are costly and available only in some

research centers.

The goal of this doctoral thesis was to assess if screening methods of Gram staining and
Fluorescent Hybridization In Situ (FISH) can increase a rate of detection of bacteria in
blood.

Study results confirm the effectiveness of both methods in microbiological testing of
whole blood - significantly higher percentage of positive results in comparison to blood
culture. Additionally, both methods enabled the detection of bacteria in negative media
culture, as well as in the blood of healthy volunteers, which may confirm the reports to

date regarding the constant ‘physiological’ bacteremia.
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