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ABSTRACT

Gastric cancer is the 5th most common cancer in the world, with an estimated 950,000
new cases diagnosed in 2012. It is also the 3rd leading cause of cancer death in both
worldwide. Helicobacter pylori (H. pylori) is a gastric pathogen that causes chronic
inflammation and significantly increases the risk of developing gastric diseases, including
gastric cancer. The global prevalence of H. pylori infection in humans is of more than
50%, and therefore it represents a public health issue. H. pylori can be detected after
endoscopy by histology, culture and urease tests, but all biopsy-based methods are liable
to sampling errors. For that reason, the development of novel, fast and efficient diagnostic
methods is extremely important. Confocal Laser Endoscopy is a recent technology that
has been tested to identify specific cellular and subcellular changes on the surface of the
gastric mucosa. However, there is no specific staining to detect H. pylori in vivo.
Fluorescence in situ hybridization (FISH) using rRNA-targeted probes is a molecular
technique that allows the specific identification of bacteria in different types of samples
without prior cultivation. The in vivo use of FISH, also called fluorescence in vivo
hybridization (FIVH), has proved to be a challenge, in part due to the need of highly
resistant oligonucleotides able to hybridize in human body conditions. The development of
nucleic acid chemistry allowed the synthesis of new nucleic acid mimics that possess
advantages comparatively with the typical DNA or RNA probes. These new mimics may
be used to design FISH probes and increase the efficiency of the detection. Locked
nucleic acid (LNA) has been developed as a novel RNA derivative nucleotide analog
being able to hybridize with DNA or RNA according to Watson-Crick base-pairing rules
with higher selectivity.

The general aim of this thesis was to explore the applicability of nucleic acid mimics for
the in vivo diagnostic of H. pylori.

In the first stage of this work, different designs of locked nucleic acid (LNA) based probes
were compared relatively to their ability to hybridize and detect H. pylori. Different FISH
protocols and denaturant agents were also evaluated. Results showed that small LNA
probes with 10 to 15 base pairs (bp) have higher efficiencies of hybridization
comparatively to 18 bp LNA probes. Additionally, 2’-O-methyl RNA (2270OMe9 monomers
showed to improve the hybridization in this type of probes. However, the performance of
each probe showed to be very dependent on the combinations between length, nucleic
acid composition and backbones modifications, being the 10_HyP_LNA/2’OMe PO and
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10_HyP_LNA/2’OMe PS probes considered the best designs in the set of probes studied.
Consequently, the designs that displayed high efficiency were selected for further studies.
The quantitative comparison of results between the different probes by microscopy is only
possible if a suitable bioimaging tool is used. However, due to the lack of user-friendly and
validated tools to quantify fluorescence intensity in slides, a new set of semi-automated
and automated image analysis tools (FISHji) were developed to be used with the software
Imaged. Results demonstrated that FISHji3, FISHji4 and FISHji5 showed the highest
correlation with flow cytometry data. These methods not only allow the fluorescence
quantification in FISH samples but are also able to analyse non-specific stains such as
propidium iodide.

Other characteristic that is necessary to take into account when new probes for FISH are
designed is the ability of each probe to detect and discriminate mismatches. As such, the
capacity of mismatch discrimination of some nucleic acid mimics (DNA, PNA, LNA/DNA,
LNA/2°OMe and LNA/UNA) was assessed by thermodynamic analysis and in vitro studies
using H. pylori and H. acinonychis. PNA and LNA/2’OMe probes yielded high specificity
both against naked DNA and RNA sequences and in vitro in the identification of the
corresponding target microorganism (H. pylori).

The performance of FIVH directly in the human body implies that the full process has to
be carried out at 37 °C during the whole reaction. Therefore, LNA-based probes that were
previously developed (10_HyP_LNA/2’0OMe PO and 10_HyP_LNA/2’OMe PS probe) were
employed to identify H. pylori at human body temperature in vitro. The results showed that
the 10_HyP_LNA/2’OMe PS probe was able to detect H. pylori at 37 °C with high
sensitivity and specificity in vitro in bacterial samples and in biopsies of infected patients.
Regarding the human stomach environment, the integrity, sensitivity and specificity of the
previously probe was then studied using acid pH. Additionally, a simple, fast and non-toxic
FISH protocol was developed. The cytotoxicity of the probe was also tested on a gastric
cell line through the analysis of cell viability and apoptosis induction. The
10_HyP_LNA/2’OMe PS probe showed high signal-to-noise ratio in the detection of H.
pylori in all pH conditions tested. The sensitivity and specificity of the probe was
maintained using the new FISH methodology.

The validation of the study was achieved using fluorescence in vivo hybridization (FIVH)
for the detection of H. pylori SS1 in infected C57BL/6 mice. After 15 days of post-infection
FIVH was performed using 0.5 pM and 2 uM of 10_HyP_LNA/2OMe PS probe.
Fluorescence were analysed ex vivo by microscopy in mucus samples, cryosections and
paraffin-embedded tissue slides. Results showed that the 10_HyP_LNA/2’OMe PS probe
displayed high specificity in vivo allowing direct observation of the location and distribution
of the H. pylori SS1 within the mice stomach mucosa.
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In summary, the 10_HyP_LNA/2’°OMe PS probe could efficiently detect H. pylori not only
in varying in vitro conditions but also directly in vivo in the gastric mucosa. This work
offers a set of new LNA-based FISH protocols and studies that can be used for other
researches in the microbiology field. Furthermore, a new approach is also presented for
the diagnostic of H. pylori. These studies should be extended to other emergent microbes
for the development of methods to identify important bacteria directly in vivo, not only in a
diagnostic perspective but also to understand the interaction mechanisms involving the

microbiome within the human body.
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RESUMO

O cancro gastrico € o quinto cancro mais comum em todo o0 mundo, com um ndmero
estimado de novos casos diagnosticados de 950.000 em 2012. Este cancro é também a
terceira causa de morte por cancro em todo o0 mundo, em ambos 0s sexos. Helicobacter
pylori (H. pylori) é uma bactéria presente no estbmago que causa inflamagao crénica e
aumenta significativamente o risco de desenvolvimento de doencas gastricas. A
prevaléncia global da infecao por H. pyloriem humanos é superior a 50 %, representando
desta forma um problema de saude publico. H. pylori pode ser detectada apds
endoscopia por histologia, cultura e testes de urease, no entanto, todos os métodos
baseados em biopsia sdo passiveis a erros. Por esta razdo, o desenvolvimento de
métodos de diagnostico rapidos e eficientes sdao de extrema importancia. A endoscopia a
laser confocal é uma tecnologia recente, que tem sido utilizada na identificagdo de
alteragdes celulares e subcelulares na superficie da mucosa gastrica. No entanto, nao
existem métodos de coloragéo especificos para H. pylori in vivo.

A hibridacao in situ fluorescente (FISH) em conjunto com sondas especificas para ARN
ribossomal € uma técnica molecular que permite a identificagdo de uma bactéria, em
diferentes tipos de amostras, sem necessidade de cultivo prévio. O uso de FISH in vivo,
também chamado de hibridacdo in vivo fluorescente (FIVH), tem-se revelado ser um
desafio, em parte devido a necessidade de oligonucleotideos altamente resistentes com
capacidade para hibridarem nas condicbes existentes no corpo humano. O
desenvolvimento da quimica dos acidos nucleicos permitiu a sintese de novos mimicos
de &acidos nucleicos com vantagens comparativamente ao ADN e ARN. Estes novos
mimicos podem ser utilizados no desenho de sondas FISH permitindo o aumento da
eficiéncia destas sondas. O Locked nucleic acid (LNA) foi desenvolvido como um novo
nucleotideo derivado e analogo ao RNA, hibridando especificamente com sequéncias de
DNA e RNA de acordo com as regras de emparelhamento de Watson-Crick.

O objetivo geral desta tese foi explorar a aplicabilidade dos mimicos de acidos nucleicos
para o diagndstico in vivo de H. pylori.

Durante a primeira parte deste trabalho, diferentes desenhos de sondas de LNA foram
comparados relativamente a sua capacidade de hibridar e detetar H. pylori. Diferentes
protocolos FISH e distintos agentes desnaturantes foram também analisados. Os
resultados mostraram que pequenas sondas de LNA com 10 a 15 pares de bases (pb)
tém maior eficiéncia na hibridacdo comparativamente com sondas de LNA de 18 pb.
Adicionalmente, monémeros 2’OMe mostraram uma melhoria na hibridagéo neste tipo de
sondas. No entanto, a performance de cada sonda demonstrou ser muito dependente das
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combinagcbes entre o tamanho, composicdo de acidos nucleicos e modificagdes nos
backbones, sendo as sondas 10_HyP_LNA/20Ome PO e 10_HyP_LNA/2’Ome PS
consideradas as melhores, no conjunto de sondas estudadas. Consequentemente, 0s
desenhos das sondas que dispdem elevada eficiéncia foram selecionados para estudos
futuros.

A comparacao quantitativa dos resultados obtidos para diferentes sondas s6 é possivel
se uma ferramenta de bioimagem for utilizada. No entanto, devido a falta de ferramentas
validadas de uso facil e de forma a quantificar a fluorescéncia em laminas, um novo
conjunto de ferramentas semi-automaticas e automaticas (FISHji) foram desenvolvidas,
para 0 uso com o programa ImagedJ. Os resultados demostraram que os métodos
FISHji38, FISHji4 e FISHji5 revelaram maior correlagdo com os dados obtidos por
citometria de fluxo. Estes métodos nao so6 permitiram a quantificagao de fluorescéncia em
amostras de FISH mas também permitiram a andlise de amostras marcadas com
corantes ndo especificos tais como o iodeto de propidio.

Outra carateristica importante que é necessaria ter em conta quando novas sondas de
FISH sao desenhadas é a capacidade de detetar e discriminar mismatches. Desta forma,
a capacidade de discriminar mismatches para alguns mimicos de acidos nucleicos (DNA,
PNA, LNA/DNA, LNA/22OMe e LNA/UNA) foi acedida através de analises termodinamicas
e estudos in vitro utilizando H. pylori e H. acinonychis. As sondas de PNA e LNA/2’OMe
mostraram elevada especificidade quer para ADN e ARN isolados em suspensao quer no
interior de células para a identificagdo do microrganismo alvo, H. pylori.

Para a realizacdo de FIVH diretamente no corpo humano, é necessario que todo o
processo seja efetuado a 37 °C durante toda a reacdo. Desta forma, as sondas de LNA
que foram previamente desenhadas (10_HyP_LNA/2’Ome PO e 10_HyP_LNA/2’Ome
PS) foram utilizadas in vitro para identificar H. pylori a temperatura do corpo humano. Os
resultados mostraram que a sonda 10_HyP_LNA/2’0Ome PS foi eficaz na detecdo de H.
pylori a 37 °C apresentando elevada sensibilidade e especificidade in vitro, em amostras
bacterianas e em biépsias de pacientes infetados.

Tendo em conta o ambiente do estémago humano, a integridade, a sensibilidade e a
especificidade da sonda referida anteriormente foi estudada, utilizando pH &cido.
Adicionalmente, um protocolo FISH simplificado, rapido e ndo téxico foi desenvolvido. A
citotoxicidade da sonda foi também testada em uma linha celular gastrica, através da
analise de viabilidade celular e inducao da apoptose. A sonda 10_HyP_LNA/2’Ome PS
mostrou elevada detecao de racio sinal/ruido de H. pylori em todas as condi¢des de pH
testadas. A sensibilidade e a especificidade da sonda foram mantidas utilizando o novo
protocolo de FISH desenvolvido.
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A validacao do estudo foi efetuada utilizando FIVH para a detecao de H. pylori SS1 em
ratinhos C57BL/6 infetados. Apds 15 dias de periodo pés-infegdo, FIVH foi efetuado
utilizando 0.5 uM e 2 uM de sonda 10_HyP_LNA/2’Ome PS. A fluorescéncia foi analisada
ex vivo através de microscopia em amostras de muco, criosegcdes e laminas de tecidos
parafinados. Os resultados revelaram que a sonda 10_HyP_LNA/2’OMe PS tem elevada
sensibilidade e especificidade in vivo, permitindo a observacao direta da localizacao e
distribuicao de H. pylori SS1 na mucosa gastrica dos ratinhos.

Resumindo, a sonda 10_HyP_LNA/2’OMe PS pode detetar eficazmente H. pylori ndo so
em diversas condigdes in vitro mas também diretamente na mucosa gastrica in vivo. Este
trabalho oferece um conjunto de novos protocolos de LNA-FISH e estudos que poderao
ser utilizados por outros investigadores na area de microbiologia. Para além disso, uma
nova abordagem é também apresentada para o diagnéstico de H. pylori. Estes estudos
devem ser alargados a outros microrganismos emergentes para o desenvolvimento de
métodos de identificacdo de importantes bactérias, diretamente in vivo, ndo sé em uma
perspetiva de diagndstico mas também para compreender mecanismos de interagéao

existentes entre o microbioma e o corpo humano.

XV






Towards the development of detection methods for Helicobacter pylori within the human body

TABLE OF CONTENTS

ACKNOWLEDGMENTS ...ttiitteeeeaurrteseseeeessseeesamreeesaaseeee s sseee e asee e e aane e e e as s e e e e et et e e aane e e e aanee e e e nneeeeannneeeenneeeenrneesannneas vii
FaY =1 1 2. Yo OSSP PRSPPI ix
RESUMO.. ... ettt ettt ettt b et ettt b e b et e bt e e b et e ae e e b et e R et e b e e e be e e b et e ne e e beeene e s reenne e Xiii
T ABLE OF CONTENTS ...ttt tutteeeautreesasreeesasseeeeaaneeeeanee e e s asse e e e aase e e e aase e e e e amne e e e aas et e e e se e e e s amne e e e anseeeeaanreeesannneeeannreeennne XVii
LIST OF FIGURES ...ttt ittt ettt ettt e et e e et e e s s et e e e s et e e e me e e e s mne e e e anne e e e sane e e e s annneesannneeeaan XXiii
LIST OF TABLES. ... tteiuttesitee ettt ettt st e e st e et st e e st e et e e e bt e e b e e e bt e et e e eas e e et e e e bt e et e e e ne e e beeenneenbeeeaneeeane XXVii
ABBREVIATIONS AND ACRONYMS ...cuuttieiiureeeeatreesasreeesasseeasaarseesasseeesasseeesaasaeeeaanseeesasneeeeanseeesaannneesanneeesanneesaan XXiX
SOIENTIFIC OUTPUT ..t eatteetteetee et e et e et e bee e st e e b e e bt e et e e bt e et e e eas e e et e e eabe e et e e e bt e e b e e e bt e st e e eaneesabeeeaneesbeeeanee s XXXii
1.1. L ][ o0] o= Tox (= gl o] V(o ¢ PRI 3
1.1.1. PRYIOGENY ..ottt e e et e e s 3
1.1.2. 11Y/[ogo) o) (o) (oo ) Vo) il A o) Lo ¢ F PR 4
1.1.3. (=] 0o 1= 3RS 4
1.1.4. Epidemiology Of H. PYIOFi iNFECHON ...........coiueeiiiiiii ettt e 4
1.1.5. Pathogenesis Of H. PYIOFT INFECHON ............occueei i 5
1.1.5.1. Clinical outcomes of H. PYIOI iNfECHON ..........coiuiiiiiiiieeiee ettt e 5
1.1.5.2. H. pylori localization, distribution and orientation in the stomach................ccccccoviveiiiinennnn 6
1.1.5.3. Virulence 1actors Of H. PYIOLT.............oocueeeiiiiiieeee ettt 7
1.2. Diagnosis of Helicobacter pylori INTECHON ..........oouiiiiiiiiee e s 9
1.2.1. INON-INVASIVE TESES ...ttt ettt e e e e e ettt e e e e e e e aneeeeaa e e e e nnneeeaaaaan 9
1.2.1.1. R 1= (0] (0 | PSPPI 9
1.2.1.2. Urea Breath TESE (UBT)........uoo ettt 10
1.2.1.3. SHOOI FBSTS ...ttt 10
1.2.2. = L= IR (2 = PRSP 11
1.2.2.1. ENOOSCODY ...ttt ettt e e b e 11
1.2.2.2. L L1 0] oo | 2 PRSP PURRP PRI 12
1.2.2.3. CUIBUIE ...ttt b e et e e b e e ae e e 13
1.2.2.4. Rapid urease St (RUT) ...ttt e s e 13
1.2.2.5. MOIECUIAE TOSES. ...ttt st e e 14
1.3. Treatment of Helicobacter pylori INFECHION ............iiiii it 15
1.4. Fluorescence in Situ NYDIAIZAtiON .........c.veii e 17
1.4.1. Factors that influence fluorescence in situ hybridization .................ccccoecvoiiiiii e 19



Towards the development of detection methods for Helicobacter pylori within the human body

1.4.1.1. ETECT OF IXALIVE ...ttt ettt e e e e s e neeas 19
1.4.1.2. Effect of denaturant and sodium CONCENIIALION ..............c.cveecueeiiiiiiieste e 19
1.4.1.3. TYPE Of fIUOFOCAIOME ...t e e r e 20
1.5. NUCIEIC ACIA ANAIOGUES. ....ceeiireieeieie ettt e e e n e e e e e e e s anre e e e e r e e e e eneeeesanneeeean 21
1.5.1. LN A ettt ettt ettt eaeete e et e et eneeeneeeReeaaeeaseeaneeseeeeeneeeneeaneeneans 22
1.5.2. 2 OME ...t h bttt bbbt nres 23
1.5.3. L 23
1.5.4. PINA e b e h b E bt E e ettt nae e ae e neeneea 24
1.5.5. Phosphorothioate oligONUCIEOLAES .................oocueeiiiiiiiieeee e 26
1.5.6. Synthesis and properties of nucleic acid analoGUES ..............ccceuiiieiiiiiiiiiiiee e 26
1.5.6.1. The phosphoramidite METNOQ..............c..cooiiiii i 26
1.5.6.2. S0lid-Phase PNA SYNTNESIS ........ccccueiiiiiiiieii ettt 28
1.6. Melting temperature prediction of oligonucleotide pProbes ........ ... 29
1.7. AAITIS ettt h et b e h e b e b et b et e h et Rt e b et E et e b et e b et e he e e b et e he e e beeenaeeeabeeeenne e 32
1.8. REIEIENCES ... et e e e e ean 34
2.1. T goTo [0 ez 11o] o PP OP PRSI 69
2.2. Materials and MENOAS .......coouuiiiii e e e 69
2.2.1. Bacterial strains and culture CONAITIONS ............c.eoooiiiiiiiiiiii e 69
222 Probe design and SYNTAESIS. ..........cuuiiuiiiii ettt 71
22.3. Melting temperature (Tim) STUGIES .............ooccuuii it 71
2.2.4. Hybridization proceaure 0N SHAES.............cceuiuiiii it 73
2.2.5. Hybridization N SUSPENSION ...........ccoiiuiiieiiee ettt e s e s sne e e s anneeeeas 73
2.2.6. Microscopy evaluation and image @nalYSiS............c.ouuueui it e 74
22.7. FIOW CYIOMEIrY @NAIYSIS. ......eeveiieee ettt 74
2.2.8. SEALISHCAI @NAIYSIS ..ottt ettt e et e et sne e e e s nareeeean 74
2.3. RESUILS ...ttt et b e bbb e enee s 74
2.3.1. Melting teMPErature STUQIES ............ccouiuueii ittt st eneeas 74
2.3.2. FISH detection of H. pylori by fluorescence microscopy and flow cytometry...........ccccvvvevcennne 75
2.3.3. Effect of the denaturant on RYDriQiZAtION .............cooiiuiiiiiiii e 77
2.3.4. Effect of length on RYDFIQIZATION..............ooiieiiiiee e 78
2.3.5. Effect of chemical modifications on RybridiZation.............ccccouueeiiiiieeiiie e 79
2.4. DISCUSSION ...ttt ettt ettt b et e h et bt e e bt e bt e e b e e bt e e b et e bt b e e e r e e e b e e et r e enee s 80



Towards the development of detection methods for Helicobacter pylori within the human body

2.5. CONCIUSIONS ...ttt ettt et st e e et e st e e ea bt e st e eeab e e sab e e eab e e saneesaneesreenareenas 83
2.6. LR =) (=T =] o (o= PRSP SURTRN: 84
3.1. T 10 o [8 o711 ] o IR 93
3.2. Materials and METNOUS. ........cocuiiiii e bbb 94
3.2.1. Workflow of FISHji methods and valid@tion.................ccccouioiiiiiiieenee e 94
3.22. Fluorescence analysis and FISH]|i archit@CIUIE ..............occoiiiiieiiiiiieee e 94
3.2.3. (O =T T ol g o = G PP UPR TP PUPRPRN 97
3.24. Oligonucleotide probe design and SYNINESIS...........ccueuiiiciii i 98
3.2.5. Bacterial strains and culture CONAITIONS.............cueuiiiiiiiiieie e 99
3.2.6. Hybridization conditions on slides and in suspension by FISH ...........c.cccccoiiiiiiiiiniiieieenn 99
3.2.7. Propiditm IOQIAE (Pl)...........cceei ettt 99
3.2.8. Microscope evaluation and quantitative analysis of fluorescence intensity .............cccccoecveeennnee. 99
3.2.9. Flow cytometry and data @nalySiS ............cccuiiiiieiiiii e 100
3.2.10. Statistical and correlation @nalYSiS ............cccui i s 100
3.3. RESUItS aNd DISCUSSION. ......ciiiiiiiiiiiie ittt sttt r e st esneesane e 100
3.3.1. Comparison between FISHji measurements and quantification by cytometry.............ccccco..... 100
3.3.2. Correlation between FISHji measurements and quantification by cytometry using Pl staining 106
3.4. CONCIUSION ...ttt bttt h e a e e bt e ae e e eb et e e ae e e eas e e s an e e s an e e sareesnreesnneennne s 107
3.5. 2= (=T =] (o= RSP SURTRN 108
4.1. INEFOAUCTION ...ttt et b e sa e s b et e b e e e be e e sae e e abe e e nne e e 114
4.2. Materials and MELNOAS. ... ettt et e e e e e e et e e e e e e e e e s nnnnneeaaeeaannes 115
4.2.1. o) o= T0 == (o o B U STOTPR 115
4.2.2. Probes synthesis and PULIfICALION. .............ccuii it 116
4.2.3. Thermal denaturation STUGIES...............ccuueiiiiiii it 117
4.2.4. Bacterial strains and CUlture CONAITIONS...........ocuuueiieie et a e 117
4.2.5. Optimization of probe hybridization CONAILIONS ...............occoiiiiiiiiiee e 118
4.2.6. Evaluation OF FRINA [EVE ...........e ettt e e eee e e e e e e e nnneeeaaaeean 119

XiX



Towards the development of detection methods for Helicobacter pylori within the human body

4.2.7. Flow Cytometry and data @nalySis .............cucui ittt 119
4.2.8. SHAHSHCAI @NAIYSIS ..ottt 119
4.3. RESUILS ...t s e e e e b e e e r e e e 120
4.3.1. Melting temMPErature @NAlYSIS...........cuuuiuiu ittt 120
4.3.2. Mismatch discrimination analysis in bacteria by flow cytometry studies ..............cccoceevieennnns 122
4.4. D1 Yo 0 7] o] o ISP REPRI 124
4.5. @70 0T (1o T - SRR 126
4.6. RETEIENCES ... ettt e b e et e e 127
5.1. INEFOAUCTION. ...ttt b et a b e e sae e e san e s e e e san e e sareenenas 134
5.2. Materials and MELNOGAS ........ocuuiiiiie e e e e e r e e e e e s nneeas 136
5.2.1. Bacterial strains and culture CONAILIONS ..............cccccviiiiiiiiiiie ettt 136
5.2.2. Oligonucleotide Probe AESIGN ...........cccui ittt bbb 136
5.2.3. Oligonucleotides synthesis and PUrifiCatioN ..............c.couiciiiiei i 137
5.24. Melting temMPErature STUAIES ..............cocueii ittt 138
5.2.5. Optimization of probe hybridization conditions on slides and in suspension................cc.cc....... 139
5.2.6. IMage QUANHFICATION. ........c.iieiiei ettt et e e sbeesanee s 140
5.2.7. Imaging flow cytometry and data @nalysSis ...........ccouuueeieiiiiinie e s 140
5.2.8. Hybridization in gastriC DIOPSIES. ...........uuuiiueiiiieie ettt 141
5.2.9. SEALISHCAI ANGIYSIS ...ttt ettt e s bt et e s st e e e b et e e e ntee e e naneeas 141
5.3 RESUILS ...ttt et e e b e e e e e e e r e nre e e 141
5.3.1. Melting temperature DERAVIOUF ................cooicuii ittt 141
5.3.2. FISH detection of H. pylori by fluoresScence miCroSCOPY .........ccuucuiiieieieiinieeeieeeiee e 142
5.3.3. FISH detection of H.pylori by imaging flow CYtOMEIry.............cccciiieiiiiiiiiinee e 144
5.3.4. Gastric biopsy hybridiZation @NAlYSIS ...........cccuiuiiiiiiii ettt 145
5.4. [ E= Yo 0 7] o] o PRSP URRTR 146
5.5. L0700 T (1o T - USRS 149
5.6. RETEIENCES ... ettt e e e e e e e 150
6.1. Tk igeTe [FTex 11o] o FONUT T T P TRPP TR PR PRP PR 158

XX



Towards the development of detection methods for Helicobacter pylori within the human body

6.2. Materials and METNOUS. ........oocuiiii e sttt sne e 159
6.2.1. OligonuUCIEOtIAE SYNINESIS .......ccoeiueeiiiieeee ettt ettt b e e e b s 159
6.2.2. Analysis of probe integrity at low pH by analytical CReMISIrY ..........c.ccoeceviinieiiiiieeee e 160
6.2.3. Bacterial strains and culture CONAILIONS.............cccociiiiiiiiii ittt 160
6.2.4. Analysis of probe behavior in @ PpH range ................cccooiiiieee e 161
6.2.5. Optimization of probe hybridization conditions in bacterial SUSPENSIONS...............ccccevcueeeennnee. 162
6.2.5.1. Optimization Of the WaSHiNG SIEPD ........ccuuiui it 162
6.2.5.2. Optimization of the RybridiZation SEPD ...........ccouiuiii it 162
6.2.5.3. Optimization of the permeabiliZation SEP ...........c.coucuiiuiiiiiiiieee e 163
6.2.5.4. Optimization of FISH protocol in conditions similar to gastric juiCe................cccccuuveeevnnen.. 164
6.2.6. CYIOMEIY QNAIYSIS. .....eoiieeieeei ettt ettt ettt b ettt s bt s it e s ab e sae e e sabeesnneenaneas 164
6.2.7. MiICIOSCOPE EVAIUATION ...ttt e s e 164
6.2.8. Cell culture conditions and infection With H. PYIOF ...............cccccoiiiiiiiiiiiinee e 164
6.2.9. Cell Proliferation @SSAY ..........uuuuu ittt ettt ettt ae e nab e sae e nane s 165
6.2.10. Cell death analysiS iN AGS CEIIS .........coouiuuii ittt 165
6.2.11. SHASHCAI @NAIYSIS ...ttt ettt et san e nane s 166

6.3. RESUIES ...ttt e et e e e e e e e e e e e e e n e e e e s 166
6.3.1. Analytical chemistry of HP_LNA/20Me_PS at low pH and high salt concentrations................ 166
6.3.2. Central composite design, PH VEISUS HiME............ocueiiiiiiii i 167
6.3.3. Optimization of washing and probe hybridization conditions..............cccccuvveiivi i 168
6.3.4. Detection of H. pylori in infected gastric AGS CeIl liNe.............cccccouieeiiiioiiiniiieiieee e 174
6.3.5. TOXICILY SHUGIES. ...ttt e et e e enre e e s rnn e e e s aneeeennns 175

6.4. D11 U111 o] o PRSPPI 176

6.5. (070 o o] 117 (o] o I PRSPPI 179

6.6. RETEIEINCES ...ttt st e et st e e e r e ere e 180

7.1. T goTo 0oz 11o] o IO O REPTPPR 191

7.2. Materials and MENOUS. ........oocuiiiie et 192
7.2.1. OligonUCIEOHAE SYNMINESIS ........ccueiiiuiiiiii ittt bbb se e 192
7.2.2. Cell PrOlIfEration @SSAY .........uuiiiueeii ittt ettt st e et e e ente e e s aaaeee s 192
7.2.3. VITOTOX ®ASSAY ....cueeeeeee ettt et e ettt et e eaeeate e teameeemeeeaeeeaeesaeeaseeseaneeaneeeneesneanneanes 193
7.2.4. Bacteria and growth CONQILIONS .............eouiiiuuii i 193
7.2.5. Fluorescence in situ hybridization 0N SIAES ..............c..coovcuiiiiiiiiiie e 194

XXi



Towards the development of detection methods for Helicobacter pylori within the human body

7.2.6. ANUMAIS ...ttt e e e e e e ettt e e e e e e e aneeeee e e e e e e annteeeeaaeeaaannreneaaaeaanan 194
7.2.7. Infection of Mice With H. PYIONT SST ......oei i e 195
7.2.8. FIVH procedure and asSeSSMENt iN IMICE ..........c..ccoiiieiiiiiiie et 195
7.2.9. Retention of Cy3 HP_LNA/20Me_PS probe in the mouse Stomach..............cccccoevveeeevcnennnnen. 196
7.2.10. Evaluation of H. pylori colonization in infected MiCe.................ooooooiiiiiiiiiiieee e 197
7.2.11. SEALISHCAI ANAIYSIS ...ttt e e e 197
7.3. RESUILS ... ettt e et e bt e e b e re e r e nree e 197
7.3.1. HyP_LNA/2’OMe probe in Vitro tOXiCity SIUQY ..........cceuiiiiiiiiiieieiiee et 197
7.3.2. Evaluation of genotoxicity of the HyP_LNA/2’OMe probe by VITOTOX®ASSAy .........cccoueeuueen. 198
7.3.3. Fluorescence in situ hybridization (FISH) of Cy3_HP_LNA/20Me_PS probe on H.pylori SS1
L 1= T PP 199
7.3.4. Bacteria colonization of the gastric mucosa in C57BL/6 MICE ..........ccoueceeeeceeeeiiieeeeee e 200
7.3.5. Assessment of H. pylori in the mice stomach by FIVH ...........ccoccooiiiiiiiiiiiiie e 201
7.4. DISCUSSION ...ttt ettt e bttt e e bt e e b e e s bt e e b et e b e e e b e e e be e e b e e e ane e e b eeearee e 205
7.5. L0703 T 110 T o TSRS 208
7.6. 2= (=T =] (o= PRSP ERRTIN 209
8.1. L1 Yol 0 7] o] o PSRRI 215
8.2. RETEIEINCES ...ttt b e b e b e e b e b e 220
9.1. GENEIAl COMCIUSION. ...ttt ettt s ettt e s e e e bt e ae e e sbeeesae e e sbeeeanneeee 225
9.2. FUTUIE PEISPECTIVES ...t e e e r e e et e s nnneas 225
9.3. 2= (=T =] (o= PSP EEPTRIN 228
................................................................................... 229
..................................................................................................... 245

XXii



Towards the development of detection methods for Helicobacter pylori within the human body

LIST OF FIGURES

Figure 1.1- Typical Helicobacter pylori-associated pathologies.. .......cueviiiiiiiiiiiiic e 6
Figure 1.2- Persistent H. pylori iNfECHON. ........oiii i 8
Figure 1.3- Basic steps of fluorescence in situ hybridization in bacteria. ..........cccoeoieiiii s 18
Figure 1.4- Structures of the monomers of selected nucleic acid analogues. ...........cceeeriieiiniiieiniiee e 22
Figure 1.5- The phosphoramidite oligonucleotide synthesis CyCle.. ... 28

Figure 1.6- Melting temperature (Tm) and dissociation fraction curves are showed for completely
complementary strands (DNA duplex) and for strands with one mismatch (DNA duplex mismatch).. ............. 30

Figure 2.1- Experimental flowchart for this StUAY.. ......ocuiiiiiiii e 70
Figure 2.2 - Comparison between hybridization temperature (Tw) and melting temperature (Tm) obtained from
the LNA advanced probes studied in thiS WOTK.. .........ueiiiiiiiiiicee e 77
Figure 2.3- Analysis of fluorescence intensity in LNA advanced probes using cytometry and microscopy...... 78
Figure 2.4- Analysis of fluorescence intensities obtained by flow cytometry and microscopy analysis using

urea and FA buffer in LNA @dvanced ProbES. .........c.eeii ittt 79
Figure 2.5 - Analysis of fluorescence intensities obtained by flow cytometry analysis using urea buffer, using

LINA/DINA 5 MEIS. . ittt a e et e ea bt e st e e e e bt e st e e ea b e e s et e sa bt e st e e san e e ssreesnreesaneennneas 80
Figure 3.1- A general View Of this STUAY.. ....cocuriii e e e 95
Figure 3.2- The schematic workflow of FISHji Methods. .........oceiiiiiiiiii e 96
Figure 3.3- Correlation analysis between fluorescence intensity (A.U.F) of LNA FISH obtained by ImageJ
MEthod and fIOW CYLOMEIIY. ... e e e e e e s e e e e s nne e s 103
Figure 3.4- Analysis of correction between fluorescence intensity (A.U.F.) obtained by FISHji3 method against
fluorescence intensity (A.U.F.) obtained by flow cytometry, using hybridization temperatures. ..................... 104
Figure 3.5- Variability test between operators in FISHji 3. .....coooiiiiii e 105
Figure 3.6- Correlation between fluorescence intensity obtained by the best semi-automatic method (FISH;i3)
against fluorescence intensity (A.U.F.) obtained with automatic methods FISHji4 (A) and FISH;i5 (B).. ....... 105
Figure 3.7- Correlation between FISHji measurements with quantification by cytometry using propidium
(ol To I3 {d } IK=] £=11 11 o o PR PP RPN 107

XXiii



Towards the development of detection methods for Helicobacter pylori within the human body

Figure 4.1- The effect of the temperature on the specificity of HyP_LNA/2_OMe1 probe ............ccccceviieennne 123
Figure 4.2- FISH detection of H. pylori and H. acinonychis by cytometry at the optimal hybridization
LET 0] 1T =N LU= SR TOP PR 124

Figure 5.1- Structures of LNA and 2" O-methyl RNA monomers (phosphate and phosphorothioate structures)

UTS]=Te T TP T PRSP PP UR PR PP 135
Figure 5.2- FISH detection of H. pylori 26695 strain (ATCC 700392) using FAM- HP_LNA/20Me_PO and
HP_LINA/2OME_PS PrODES.. . eeiieiiiiii ettt ettt e e ettt e e st e e sttt e e e ansee e e snneeeeansaeeeeanseeeeanseeeeanseeeeannes 144

Figure 5.3- FISH detection of H.pylori by imaging flow cytometry. FAM labeled 20Me/LNA probes were
analysed in 50% (v/v) formamide buffer and in 4M bUffer.. ... 145
Figure 5.4- FISH detection of H.pylori in paraffin-embedded sections of gastric biopsies, using 2’-O-
methyl/LNA FISH detection CONITIONS.. .....coouiiiiiiiie ettt e e 146

Figure 6.1- Analysis of FAM HP_LNA/20Me_PS probe performance using the response surface methodology

(RS ) TR PSPPSR 167
Figure 6.2- Detection of H. pylori in slides, by epifluorescent microscopy (A-F), and in suspension, by flow
cytometry (H-J), using the FAM HP_ LNA/20Me _PS probe at different pH values..........cccccooiieeiriiiiennnen. 169

Figure 6.3- Sensitivity and specificity studies performed with the HP_ LNA/20Me _PS probe at different pH
values evaluated Dy flOW CYLOMEIIY. ... ..oiii e e e e ne e 171
Figure 6.4- Detection of H. pylori using the Cy3 HP_ LNA/20Me _PS oligonucleotide probe in a smear of pure
culture of H. pylori strain 26695 using simulated gastric juice by epifluorescent microscopy. .......cccccceevneen. 172
Figure 6.5- Sensitivity and specificity studies performed with the HP_ LNA/20Me _PS oligonucleotide probe

USING SIMUIATEA GASTIIC JUICE. ... .eeee ettt ettt e et s e e s bb e e e et ee e e eneeeesnneeeean 173
Figure 6.6- Confocal microscopy images of AGS cells infected with H. pylori 26695 strain. ..........c.cccceeeneen. 174
Figure 6.7- Effect of the Cy3_ HP_ LNA/20Me _PS oligonucleotide probe on viability (MTS assay, A) and cell
death (apoptosis, B and C) 0f AGS CEIIS. ......eoi it e e 175
Figure 7.1- FIVH scheme used for detecting H. pyloriin C57BL/6 MICE. .....cccoveiiiiiiriiiiiieeee e 196

XXiv



Towards the development of detection methods for Helicobacter pylori within the human body

Figure 7.2- Effect of the Cy3_HP_LNA/20Me_PS probe on viability of AGS gastric epithelial cells using the

L IS T T17 | S RUSPR PP 198
Figure 7.3- VITOTOX® assay for detection of signs of genotoxicity caused by the Cy3_HyP_LNA/2’OMe
oL o] o1 RSSO 199

Figure 7.4- Detection of H. pylori SS1 in slides, by fluorescence in situ hybridization (FISH) using the
Cy3_HP_LNA/20Me_PS probe at different pH values, analyzed by epifluorescence microscopy................ 200
Figure 7.5- Viable bacterial counts (CFU, colony-forming units) from stomachs of mice infected with H. pylori
S I o= L (0T g2 =Y & SRR 201
Figure 7.6- Detection of H. pylori SS1 in samples of gastric mucus from mice subjected to FIVH with 0.5 pM (A
and B; group V) and 2 uM (C and D; group VI) of the Cy3_HP_LNA/20Me_PS probe. Samples were collected
and visualized directly using the epifluoresCence MICIrOSCOPE.. ..ooiuueiiiiiiee et 202
Figure 7.7- Detection of H. pylori SS1 in frozen sections of gastric mucosa from mice subjected to FIVH, 30
MINUEES DEfOre BUINANEASIA. ........ciiiii et 203
Figure 7.8- Detection of H. pylori SS1 in paraffin sections of gastric mucosa from mice test groups subjected

to FIVH with the Cy3_HP_LNA/20Me_PS probe 30 minutes before being sacrificed. ..........ccccevceeeiiiennns 204
Figure 7.9- Retention of the Cy3_HP_LNA/20Me_PS probe in the mouse stomach infected with H. pylori SS1
for 5 days, and subjected to a FIVH period of 24 hrs before being sacrificed.. .........cccoviiiiiniiiineeiiieees 205

Figure S 1- Analysis of the correlation between fluorescence intensity (A.U.F.) obtained by microscopy versus
the fluorescence intensity (A.U.F.) obtained by flow cytometry, for optimal hybridization temperatures. ....... 231
Figure S 2- Quantification of fluorescence hybridization signals from in situ detection of 16S rRNA of H.pylori

With LNA @dVANCEA PrODES.. ...oeiiiiiiiie ittt et e et e s s e e e e e r et e s sne e e e s snneeeeareeeeaans 232
Figure S 3- Analysis of fluorescence intensities obtained by flow cytometry and microscopy for probes of
[o T £=T =T a1 81T T | (TR TSP TUPP PSRN 233
Figure S 4- Analysis of fluorescence intensities obtained by length of the probe and nucleic acid mimic...... 233
Figure S 5- Variability test between operators in FISHji 1 and FISHji 2.. ........ccooiiiiiiiiii e 235
Figure S 6- Fluorescence intensity results of Helicobacter strains (non 26695 (ATCC 700392) tested in this
5] 10T | S OTPR 236
Figure S 7- A. IC-HPLC analysis of FAM HP_ LNA/20Me _PS oligonucleotide probe...........ccccocviniveneenne 237
Figure S 8- Optimization of hybridization condition of HP_ LNA/20Me _PS oligonucleotide probe in pure
culture of H. pylori strain 26695 (ATCC 700392) at different types of pH .....oooviiiiiiiiiiii e 238
Figure S 9- Detection of H. pylori using the FAM HP_ LNA/20Me _PS oligonucleotide probe, without
o= gaa 1= o] 1= 1 4o o ST 239

Figure S 10- Detection of H. pylori using the red fluorescent HP_ LNA/20Me _PS oligonucleotide probe.... 240
Figure S 11- Detection of H. pylori at pH1 using gastric simulated juice by FAM HP_ LNA/20Me _PS and Cy3
HP_ LNA/20Me _PS oligonucleotide ProbEs...........oii it 240
Figure S 12- Analysis of the specificity of Cy3 HP_ LNA/20Me _PS probe and the background in vivo in
samples of gastric MUCUS fromM CONTIOI GIrOUPS.....cciiureiiiiiiie ettt 242
Figure S 13- Analysis of the specificity of Cy3 HP_ LNA/20Me _PS probe and the background in vivo in
cryosections from gastric mucosa of CONTIOl GrOUPS. ...ccoiuiii i 243
Figure S 14- Analysis of specificity of Cy3 HP_ LNA/20Me and background in paraffin sections of mouse

StOMACh frOM CONTIOI GrOUPS. ...ttt n e e e e s e e e e s nn e e e snrne e e ennns 244

XXV



Towards the development of detection methods for Helicobacter pylori within the human body

Figure S 15- Quantification of bacterial burden in the stomach of H. pylori-infected mice with 5 days of post-
1) (=T 1o o VOSSR EURRR OSSR 244

XXVi



Towards the development of detection methods for Helicobacter pylori within the human body

LIST OF TABLES
Table 1.1- Summary of treatment lines depending on the clarithromycin resistance.. ........c.cccccviieiiiiinnnee. 16
Table 2.1- Sequences of probes used in this STUAY. ......cooiiiiiiiiii s 72

Table 2.2- Results of thermal denaturation experiments in different types of buffers for different types of
probes and optimal hybridization temperatures (TH) obtained by FISH (attached and suspension) for each

o1 o] o TSI 4 1= (0L |2 PSRRI 76
Table 3.1- Probe sequences used in this STUAY .. .....coouiiiiiiiiiii e 98
Table 3.2- Comparisons between the five FISHji Methods. .......c..cooiiiiiiiiiieee e 101
Table 3.3- Comparison between each FISHji method values and flow cytometry data..........cccccovveeeeiiiiennnns 102
Table 4.1- Sequence of the different oligonucleotide probes used in the present study.. ......c.cccoveeeiiiiennns 116
Table 4.2- Differences between hybridization buffers used for each type of probe...........ccooooviiiiiiiinns 119

Table 4.3- Melting temperatures, Tr, (°C) and mismatch (C>T/U) discrimination temperature difference...... 121
Table 4.4- Melting temperatures, Trm (°C), mismatch (C>T/U) discrimination temperature difference (ATm) and

hybridization temperatures T (°C) at which each probe had highest sensitivity and specificity.. .................. 121

Table 5.1- Helicobacter strains tested in this STUAY........ccoociiiiiii e 137
Table 5.2- Results of thermal denaturation experiments in different types of buffers for different types of
o] [TeTo] g1 o ol g T8 o] [=To) i{e [T 3R PSSP 142

XXVil



Towards the development of detection methods for Helicobacter pylori within the human body

Table 6.1- Designation and sequence of the probes containing locked nucleic acid (LNA; with L superscript)
and 2’-O-methyl RNA (2’-OMe; in Boldface) nucleotide MonOmMErs..........coovvieviiiiiieiiiiiie e 160
Table 6.2- Helicobacter and non-Helicobacter bacterial strains included in this study. .........cccccovieiiiiiennnns 161
Table 6.3- Experimental levels of variables tested for fluorescence intensity, using the response surface
LaT=](aToTe (o] o | 25N SRR 162

Table 7.1- Designation and sequence of probe containing locked nucleic acid (LNA; with L superscript) and 2'-
O-methyl-RNA (2’-OMe; in boldface) nucleotide MONOMETS. ........ccuiie e 192

Table S1- Results of thermal denaturation experiments in different types of buffers for different types of probes

and hybridization temperature in H. pylori 26695 SIraiN. .........c.eeeeiiiiiiiiieie e e 234
Table S2- Experimental design matrix and corresponding observed results of arbitrary fluorescence intensity
72X USSR 241
Table S3- Analysis of variance (ANOVA) for linear MOEL...........coiiiiiiiiiiiiie e 241

XXViii



Towards the development of detection methods for Helicobacter pylori within the human body

kcal

min

mM
mol

mwW
MW
nm

rpm
UM
H9

pL
pm

AEEA
AFU
AGS
ANOVA
ATCC
BaP
B/C
BLAST
a-CA
CagA
CagA PAI
CFU
CLE
CO;
CPP
CT

Cy
DAIME

Celsius degrees
Percent
Overlap index
Times gravity
Kilocalories
Molar

Minutes
Millimolar
Mole
Milliwatts
Molar weight

Nanometer

Revolutions per
minute

Micromolar
Microgram
Microliter
Micrometer

8-amino-3,6-diaxaoctanoic acid
Arbitrary fluorescence units
Gastric adenocarcinoma cell line
One-way analysis of variance
American Type Culture Collection
Benzo(a)pyrene

Brightness and contrast

Basic local alignment search tool
a-carbonic anhydrase
Cytotoxin-associated gene A
Cag pathogenicity island
Colony-forming unit

Confocal laser endomicroscopy
Carbon dioxide

Cell penetrating peptides
Cholera toxin

Cyanine

Digital image analysis program

ABBREVIATIONS AND ACRONYMS

XXiX



Towards the development of detection methods for Helicobacter pylori within the human body

DAPI
DMT
DNA

Ea
EDTA
ELISA
EUCAST
HCO3
HE
HPLC
IE-HPLC
FA

FAM
FCS
FBS
FDA
FISH
FIVH
FITC

G

[¢

IL

LNA
LoG

LT
MALDI
MALDI-TOF
MALT
Mb

MFI

MIC
miRNA
MOI

N2

NA

NaCl
NaH,PO,
NH;

NN

Oz

4',6-diamidino-2-phenylindole
Dimethoxytrityl

Deoxyribonucleic acid

Activation energy

Ethylenediamine tetraacetic acid
Enzyme-linked immunosorbent assay
European committee on antimicrobial susceptibility testing
Bicarbonate

Hematoxylin and eosin

High Performance Liquide Chromatography
lonExchange HPLC

Formamide

Fluorescein amidite

Fetal calf serum

Fetal bovine serum

Food and drug administration
Fluorescence in situ hybridization
Fluorescence in vivo hybridization
Fluorescein isothiocyanate

Gibbs free energy

Immunoglobulin

Interleukin

Locked nucleic acid

Laplacian of Gaussian

Heat-labile enterotoxin

Matrix-assisted laser desorption ionization
MALDI time-of-flight mass spectrometry
Mucosa-associated lymphoid tissue
Megabase pairs

Mean fluorescence intensity

Minimum inhibitory concentration
MicroRNA

Multiplicity of infection

Nitrogen

Numeral aperture

Sodium chloride

Sodium Dihydrogen Phosphate
Ammonia

Nearest-neighbour

Oxygen

XXX



Towards the development of detection methods for Helicobacter pylori within the human body

OoCT
O.D.
PBS
pCLE
PCR
PF

Pl
PLGA
PMNs
PNA
PO
PPI

PS
RDP-II
RPMI
RNA
ROI
RP-HPLC
rRNA
RSM
RUT
SDS
SPF
SPSS
Th

T
TRITIC
Tris-HCI
TSA
TSB
UBT
UNA
VacA
2'0Me
4-NQO

Optimal cutting temperature compound
Optical density

Phosphate-buffered saline
Probe-based confocal laser endoscopy
Polymerase chain reaction
Paraformaldehyde

Propidium iodide
Poly(lactic-co-glycolic acid
Polymorphonuclear neutrophils
Peptide nucleic acid

Phosphate

Proton-pump inhibitors
Phosphorothioate

Ribosomal Database Project Il

Roswell Park Memorial Institute medium
Ribonucleic acid

Region of interest

Reversed phase HPLC

Ribossomal RNA

Response surface methodology

Rapid urease test

Dodecil sodium sulfate
Specific-pathogen-free

Statistical Package for the Social Sciences
Hybridization temperature

Melting temperature
Tetramethylrhodamine isothiocyanate
Tris(hydroxymethyl)aminomethane hydrochloride
Trypticase soy agar

Tryptic soy broth

Urea breath test

Unlocked nucleic acid

Vacuolating cytotoxin A

2’-O-methly RNA
4-nitroquinoline-oxide

XXXi






Towards the development of detection methods for Helicobacter pylori within the human body

SCIENTIFIC OUTPUT

Papers in peer reviewed journals

Fontenete S., Guimardes N., Wengel J., Azevedo N.F. Prediction of melting temperatures in
fluorescence in situ hybridization (FISH) procedures using thermodynamic models. Crit Rev
Biotechnol. (2015) Jan 14:1-12. (Chapter I)

Fontenete S., Carvalho D., Guimardes N., Madureira P., Figueiredo C., Wengel J., Azevedo N.F.
Application of locked nucleic acid-based probes in fluorescence in situ hybridization. (Submitted)
(Chapter II)

Fontenete S., Carvalho D., Lourengo A., Guimaraes N., Madureira P., Figueiredo C., Wengel J.,
Azevedo N.F. FISHji: new Imaged macros for the quantification of fluorescence in epifluorescence
images. (Submitted) (Chapter Ill)

Fontenete S., Barros J., Guimardes N., Madureira P., Figueiredo C., Wengel J., Azevedo N.F
Mismatch discrimination in fluorescent in situ hybridization using different types of nucleic acids.
Appl Microbiol Biotechnol. 2015 May;99(9):3961-9. doi: 10.1007/s00253-015-6389-4. Epub 2015
Jan 21. (Chapter IV).

Fontenete S., Guimardes N., Leite M., Figueiredo C., Wengel J., Azevedo N.F. Hybridization-
based detection of Helicobacter pylori at human body temperature using advanced Locked Nucleic
Acid (LNA) probes. PLos One (2013) Nov 22;8(11):e81230. doi: 10.1371/journal.pone.0081230.
(Chapter V).

Fontenete S., Leite M., Guimaraes N., Madureira P., Ferreira RM., Figueiredo C., Wengel J.,
Azevedo N.F. Towards Fluorescence In Vivo Hybridization (FIVH) Detection of H.pylori in Gastric
Mucosa Using Advanced LNA Probes. PlLos One (2015) 0(4): e0125494.
doi:10.1371/journal.pone.0125494 (Chapter VI)

Fontenete S., Leite M.,Cappoen D., Santos R., Figueiredo C., Wengel J., Cos P., Azevedo N.F.
Fluorescence in vivo hybridization (FIVH) for detection of Helicobacter pylori infection in a C57BL/6
mouse model. (Submitted) (Chapter VII)

XXXiii



Towards the development of detection methods for Helicobacter pylori within the human body

Books Chapters

Fontenete S., Guimaraes N., Azevedo N. Biofilm transcriptomics handbook. Quantifying gene
expression from pathogenic bacterial biofilms. Nuno Cerca (2011) ISBN: 978-972-97810-8-7

Abstracts in international refereed journals

Fontenete S., Guimardes N., Leite M., Figueiredo C., Wengel J., Azevedo N.F. FISH-based
method for in vivo detection of H. pylori in gastric mucosa using advanced LNA probes.
Helicobacter, Special Issue: The Year in Helicobacter 2013. Guest Editors: Francis Mégraud and

Peter Malfertheiner, September 2013, Volume 18, Issue Supplement s1, Pages 1-162.

Oral communications

Fontenete S., Leite M., Cappoen D., Guimaraes N., Madureira P., Cos P., Figueiredo C., Wengel
J., Azevedo N.F. Fluorescence in vivo Hybridization (FIVH) detection of Helicobacter pylori.

Doctoral Congress in Engineering, 11-12 June 2015, Porto, Portugal.

Poster communications

Fontenete S., Carvalho D., Guimaraes N., Madureira P., Figueiredo C., Wengel J., Azevedo N.F.
Evaluation of fluorescent Locked Nucleic Acid advanced probes by fluorescent in situ hybridization
(FISH): a new analytical approach using FISHji. 3rd Symposium in Applied Bioimaging, 16-17
October 2014, Porto, Portugal.

Fontenete S., Guimarédes N., Leite M., Madureira P., Figueiredo C., Wengel J. and Azevedo N.F.
In Vivo Detection of Helicobacter Pylori in Gastric Mucosa Using Advanced LNA Probes By FISH.
XXl International Roundtable of Nucleosides, Nucleotides and Nucleic Acids, IS3NA, 24-28 August,
2014, Poznan, Poland.

Fontenete S., Guimardes N., Leite M., Madureira P., Figueiredo C., Wengel J., Azevedo N.F.
FISH-based method for in vivo detection of H. pylori in gastric mucosa using advanced LNA probes
XXVIth International Workshop of European Helicobacter study group (EHSG), 12th-14"
September 2013, Madrid, Spain.

Fontenete S., Guimardes N., Azevedo N. Nucleic acid mimics hybridization at human body
temperature in Heliobacter pylori'. COST Action TD1004, October 28-30, 2012, London, England.

XXXiV



Background and Aims






Background and aims Chapter |

Bacterial infectious diseases are one of the most frequent causes of human mortality
worldwide and it is considered that the lack of accessibility and application of high quality
diagnostic tests for these diseases contributes greatly to this problem [1]. A decrease in
the amount of time required to perform a diagnosis would offer potential benefits for the
management of infectious diseases. In fact, rapid and accurate diagnosis is fundamental
to apply more rational therapies (e.g. antimicrobial therapies) leading to more effective
treatments and improving the chances of a positive outcome for the patients. Furthermore,
the fast identification of a pathological bacterium lowers the risk of its nosocomial
transmission. However, the diagnosis can be a complex process. This section will focus
on the detection of Helicobacter pylori (H. pylori) a well-known risk factor for gastric

inflammation, peptic ulcer disease and cancer in humans [2,3].

1.1. Helicobacter pylori

H. pylori is one of the most common infectious agent worldwide, colonizing the human
stomach of over 50% of the global population [4]. Marshall and Warren isolated and
demonstrated for the first time that this infection was associated with human disease, and
for that reason they were awarded the Nobel prize in Physiology and Medicine in 2005
[5,6].

1.1.1. Phylogeny

The human body is infected by diverse microbial communities that can be present in both
healthy [7,8] and unhealthy individuals [9,10]. For more than a century, different
investigators have reported the presence of spiral microorganisms within the human
stomach [11]. However, only about 30 years ago, Robin Warren described the isolation
and culture of a spiral-shaped bacterium on the human gastric mucosa. This bacterium
was first named Campylobacter pyloridis [6] being renamed as Helicobacter pyloriin 1989
[12].

The genus Helicobacter belongs to the subdivision of the Proteobacteria, order
Camplylobacter, family Helicobacter. Depending on their localization, Helicobacter
species can be classified into gastric and enterohepatic (non-gastric) subgroups. Gastric
Helicobacter species have the gastric mucus secreting cells as target cells, live mainly in
the surface of the mucus layer and can adhere to cells close to the intercellular junctions
[13]. Enterohepatic Helicobacter species colonize the intestine and hepatobiliary system
and have been also associated with chronic hepatic and intestinal diseases [14-16].
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1.1.2. Microbiology of H. pylori

H. pyloriis a gram-negative bacterium generally spiral or slightly curved, measuring 2 to 4
pum in length and 0.5 to 1.0 um in width. In the spiral form, the bacterium has 2 to 6
unipolar flagella with approximately 2.5 um in length [17,18]. H. pylori can also appear as
a rod, while coccoid shapes could appear as a response to physical and chemical
stresses such as prolonged in vitro culture, antibiotic treatment and increased oxygen
tension [19-23]. Some authors observed that this morphological change is a manifestation
of the cell death [20,24]. H. pylori exhibits strong adaptation to its natural habitat, lacking
several of the biosynthetic pathways commonly present in less specialized bacteria [25].
In culture, H. pylori is microaerophilic with optimal growth at O, levels of 2 to 5%, CO,
levels of 5 to 10% and high humidity. This bacterium has an optimal growth at 37 C and at
neutral pH [26,27]. It is a fastidious microorganism and requires complex growth media,
which are frequently supplemented with blood or serum.

1.1.3. Genome

The first H. pylori genome sequenced (strain 26695) consists of a circular chromosome
with 1.67 Mb in size, 1590 predicted coding sequences and an average G+C content of
39% [28]. Other H. pylori genome sequences available have 1.5 to 1.7 Mb in size [29].
About 6% to 7% of the genes are specific to each strain, with almost half of these genes
being clustered into a single hypervariable region [25]. H. pylori isolates from unrelated
humans exhibit a high level of genetic diversity [30,31]. H. pylori has developed to adapt
to the harsh environment of the human stomach, and there are several genetic variants in
subpopulations of this bacterium [32]. Strain-specific genetic diversity appears to be
involved in the capacity of these bacteria to cause different outcomes in different human
hosts [33,34]. In this process of adaptation, bacteria accumulated a high degree of genetic
heterogeneity caused by genomic rearrangements, gene insertions and deletions [35].
Point mutations and inversions are also very common. Typically, 92% to 99% of the
alleles are identical in nucleotide sequences for different H. pylori strains [30,36].

1.1.4. Epidemiology of H. pylori infection

H. pylori is estimated to be the most prevalent chronic infection worldwide and affects
more than 50% of the population [37,38]. The prevalence of H. pylori infection has
however been changing over the years [38]. The overall prevalence is lower in developed
countries than in underdeveloped regions as a result of better sanitary conditions and
treatments procedures [39,40]. In Europe, the prevalence of H. pyloriis lower in Northern
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countries than in Southern and Eastern countries [41]. In Portugal, H. pylori infection
remains among the highest in Europe [40]. High prevalence of this infection is also
observed in Turkey, Mexico and Asian countries [42-47].

Several risk factors for H. pylori infection have been investigated. Significant differences in
prevalence have been reported relatively to lifestyle habits (e.g. smoking and alcoholism
consumption) and socioeconomic status [47,48]. Socioeconomic status includes specific
conditions such as levels of hygiene, density of living, sanitation and education [49].
Factors such as gender do not seem associated with an increased risk of infection
[44,45,50,51].

Despite of the scientific effort to determine the principal transmission routes of H. pylori
infection, the way how the infection is transmitted still remains unclear. Person-to-person
contact is considered to be the most common route of infection (e.g. within the family), of
which the most relevant pathways correspond to the gastro-oral, oral-oral and fecal-oral
routes [52-54]. However, zoonotic transmission and food/water could be critical in terms of
successful colonization of the human host [49]. The iatrogenic mode of transmission, in
which endoscopes that have been in contact with the gastric mucosa of one individual are
used for another patient, has been discussed years ago [55]. However, it was shown that
adequate disinfection procedures eliminate the transmission risk of this microorganism
[56,57].

1.1.5. Pathogenesis of H. pylori infection

1.1.5.1.  Clinical outcomes of H. pylori infection

Some authors consider H. pylori as part of the normal gastric biota although its role in
disease is well recognized [30]. H. pylori colonization induces gastric inflammation in
infected individuals, but only a small percentage develop more severe clinical outcomes,
such as peptic ulcer disease, gastric mucosa-associated lymphoid tissue (MALT)
lymphoma and gastric carcinoma [58,59]. Although this infection increases the risk of
developing disease, the majority of the infections are asymptomatic [60,61].

H. pylori initially causes a brief acute infection, in the great majority of the cases H. pylori
subsists for decades establishing a chronic infection [62]. It has been postulated that the
difference in outcomes of H. pylori infection depends on the topography and patterns of
gastritis (Figure 1.1). As such, individuals with chronic antral-predominant gastritis have
an increased risk of developing duodenal ulcer, while individuals with corpus-predominant

or pangastritis have increased risk of developing gastric ulcer and gastric carcinoma [63].
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Epidemiological, clinical and experimental data showed a very close relationship between
H. pylori and gastric carcinoma development and this bacterium was classified as a group
1 carcinogen by the World Health Organization [64-66]. The ability of H. pylori to induce
disease depends not only on the bacterium but also on environmental and host factors,

such as gene polymorphisms [33,67,68] .

Pangastritis

Corpus predominat

Duodenal ulcer

Antral Gastric ulcer

predominant
gastritis

Figure 1.1 - Typical Helicobacter pylori-associated pathologies. Adapted from Testerman and Morris [63].

1.1.5.2.  H. pylori localization, distribution and orientation in the stomach

Several studies have been performed to determine the localization of H. pylori in the
human stomach. While some show that the antrum and the cardia have higher intensities
of H. pylori colonization, other studies demonstrated an equal distribution of the infection
in all sites of the stomach [69-72].

The colonization of H. pylori has been found not only on the surface mucus cells but also
in the mucus layer of the stomach [73]. Intracellular H. pylori has also been reported [74-
76]. In gerbils, H. pylori colonizes a mucus layer located 0-25 um above the tissue surface
[69]. Although the mucus layer is a physical barrier which acts to prevent pathogens from
colonizing and interacting with the underlying cells, H. pylori can overcome this barrier and
interact with the epithelium [77]. H. pylori can penetrate the 300 um thickness of the
human mucus through a pH gradient that ranges from 1 (lumen) to 7 (epithelium) [78].
This is only possible because H. pylori raises the pH through urea and modifies the

mucus, thus enabling the bacterium to move through it [79-81].
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H. pylori adheres to gastric epithelial cells with specific tissue tropism [82]. The interaction
of H. pylori with gastric epithelial cells is mediated by adhesins present in the outer
membrane of this bacterium. Adhesion increases bacterial resistance to cleansing
mechanisms and provides them nutrients required to initiate colonization [69]. After H.
pylori binding to the cells, different host cells signaling pathways are activated, which
influences inflammation and promotes disease development [83-86].

1.1.5.3.  Virulence factors of H. pylori

Studies have been performed to understand the mechanisms involved in the
pathogenesis of H. pylori related with colonization, inflammation and carcinogenesis
(Figure 1.2) [87-91].

To survive in the harsh acid environment of the gastric mucosa and grow in the gastric
niche, H. pylori has developed different acid acclimation mechanisms [92]. One of these is
the adjustment of periplasmic pH acid environment, as the preservation of an intracellular
neutral pH is critical to the survival of bacteria in the stomach [93]. H. pylori can survive in
the stomach at a pH lower than 2.5 due to the production and regulation activity of the
urease enzyme and a-carbonic anhydrase (a-CA) [94]. Urease hydrolyses urea to NH;
and CO., raising the pH in the vicinity of H. pylori and in the periplasm of the bacterium,
maintaining the proton motive force. Urease is present in the bacterial cytoplasm and its
activity is controlled by a proton-gated urea channel, Urel [95]. However, some authors
hypothesized that Urel and urease expression are necessary but not sufficient for
colonization of the human stomach [96,97]. Therefore, the role of a-CA may be crucial in
the conversion of CO, to HCO3 , which acts as a periplasmic buffer maintaining the pH
close to 6.1 (gating pH of Urel) [96].

In addition to urease, other virulence factors that also play a fundamental function in H.
pylori gastric colonization are the adhesins and other outer-membrane proteins (BabA,
SabA, and OipA) that allow bacteria to bind to the epithelial cells and may also modulate
host cellular pathways involved in the inflammation [98-100]. Additional virulence factors
produced by H. pylori such as fragments of peptidoglycan can also deregulate host
intercellular signalling pathways [99,101].

Undoubtedly, the major pathogenic factors of H. pylori are CagA (cytotoxin-associated
gene A) and VacA (Vacuolating cytotoxin A). CagA is encoded by the terminal gene of the
cag pathogenicity island (PAI). The remaining genes of the cag PAI encode the type IV
secretion system. [102,103]. This system is a protein complex that allows the bacterium
to inject CagA into eukaryotic cells [104]. Infection with H. pylori strains containing the cag
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PAI and CagA increases the risk of severe inflammation, peptic ulcer disease and gastric
carcinoma comparatively to infection with strains that do not contain the cag PAI [35].

H. pyloriVacA is a toxin with multiple functions in the host cells. It induces the formation of
large intracellular vacuoles in infected mammalian cells [105-107]. This protein is secreted
into the extracellular space but also remains localized in the H. pylori surface. Although
VacA is conserved among all H. pylori strains, it has a high level of genetic diversity. A
specific allelic combination, the s1m1 type is correlated with the most active vacuolating
activity and the bacteria with this feature play a key role in peptic ulcer and cancer
pathogenesis [34,108,109]. VacA also reduces the mitochondrial transmembrane
potential, releases cytochrome ¢ from the mitochondria, activates caspase 8 and 9 and
induces apoptosis [98]. Several studies also suggest that VacA has immunomodulatory
proprieties contributing for H. pylori persistence [110,111].

Stomach lumen (pH 1-2)
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Figure 1.2 - Persistent H. pylori infection. The interaction between H. pylori and the host response leads to
persistent colonization and chronic gastritis. H. pylori binds to gastric epithelial cells through adhesins, such as
BabA. When CagA is translocated into the cells, production of interleukin (IL)-8 and other chemokines is
induced. These chemokines lead to the recruitment polymorphonuclear cells (PMNs), resulting in
inflammation. CagA can cause disruption of the epithelial barrier and VacA is secreted into cells and the
submucosa inducing vacuolization and apoptosis. The chronic phase of H. pylori gastritis is associated to
adaptive lymphocyte response with the initial innate response. Cytokines produced by macrophages (IL-12)

activate recruited cells as helper T cells (TH0), recruiting Th1 and B cells.
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1.2. Diagnosis of Helicobacter pylori infection

During the last years, several methods have been developed for H. pylori detection.
These methods can be considered non-invasive or invasive and each of them has certain
advantages and disadvantages that will be described in the next sections.

1.2.1. Non-invasive tests

Direct detection of H. pylori by endoscopy has proved to be a valuable test, and is hence
considered to be the reference method. Nonetheless, several drawbacks promoted the
development of non-invasive methods. The major concern is the invasiveness of the
procedure that causes discomfort for many patients. Although anesthesia can be used,
the risk of this procedure is increased [112]. The most widely used non-invasive methods
will be discussed next.

1.2.1.1.  Serology

The first non-invasive method to be developed for H. pylori detection was serology.
Because H. pyloriinduces a specific systemic immune response, antibodies are produced
and can be detected in serum samples [113]. The most common serology-based test is
the enzyme-linked immunosorbent assay (ELISA) test, which detects the total amount of
immunoglobulin (IgG response predominant) in the serum. Latex agglutination and
Western blotting are also available and used when it is necessary to know a response
from an antibody to a specific antigen. The sensitivity and specificity of these tests depend
on the antigen used. However, in general the sensitivity ranges between 90% and 97%
and the specificity between 40% and 96% [114-116].

Based on reverse-flow immunochromatography, Schrier et al., developed a highly specific
test to detect human IgG antibodies against H. pyloriin the serum, named FlexSure® HP
kit (SmithKline Diagnostics) [117]. This test shows a high negative predictive value and is
an easy and fast method suitable to small laboratories with low volume of H. pylori testing
[118-121]. Other immunoassays have been developed, such as lateral flow systems
[122,123].

Serology is a recommended non-invasive test for initial screening (requiring confirmation
by histology or/and culture) and for large epidemiological studies [124,125]. The major
drawback of serology is that the detection of antibodies does not allow to distinguish
between active infection and a previous exposure to H. pylori[126].
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1.2.1.2.  Urea Breath Test (UBT)

The first demonstration of UBT to detect gastric urease activity was performed in 1954 by
Kornberg et al. on a cat [127]. However, it was only in 1987 and 1988 that it was
demonstrated that it was possible to detect H. pylori in humans using urea labelled with
'3C or C [128,129].

In this test, the patient ingests a solution containing ['*C]-labeled or ['“C]-labeled urea,
which in case of infection will be hydrolyzed by H. pylori producing labeled CO,. This
compound will be absorbed by the blood and exhaled in expired air [130]. The inclusion of
a citric acid solution proved to increase the sensitivity of the method [131]. The acidity of
the medium activates the uptake of urea via Urel, making urea accessible to the urease
[132,133]. Consequently, the increase of urease activity leads to the increase in labeled
CO, excretion [132]. The urea dose was standardized at 50 to 75 mg, because the
concentration of the gastric urea should exceed the urease rate of urea hydrolysis (Knax
(10 mg) [130]. Thus, ['*C] urea is diluted in a citric acid solution and administered to the
patient. In general, protocols use two breath samples, one collected before and another
collected 10-15 minutes after urea ingestion. The cut-off level has to be adapted to
different factors, such as the test meal, the dose and type of urea or the pre- and post-
treatment setting [134].

Although unavailable on a global scale due to its high cost, UBT is highly accurate and
reproducible, having the highest values of sensitivity (88%-95%) and specificity (95%-
100%) among the non-invasive tests in adults [135-137]. In pediatric populations the UBT
showed heterogeneous accuracy, with values of sensitivity and specificity ranging from
75% to 100% [138].

It is considered safe to perform the UBT many times on a single patient, including
pregnant women and children [139,140]. This test is considered the gold standard for
determining the success of H. pylori eradication treatment [141]. Other studies showed
that this method can be unreliable under specific conditions [142,143].

1.2.1.3. Stool tests

H. pylori is excreted through feces as a non-culturable bacterium due to the action of
biliary salts [144]. The identification of H. pylori in stool specimens can be achieved by
molecular methods such as polymerase chain reaction (PCR) or ELISA for detection of H.
pylori antigens [145,146]. This assay can be used for the initial diagnosis of H. pylori
infection or for confirmation of eradication after treatment. Stool antigen testing has a
sensitivity of 94% and a specificity of 92% [147]. This method is relevant for children, as it
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provides a safe diagnosis for a low cost [126,148]. H. pylori isolation from stool is not used
as a routine diagnostic test [124,149,150]. On the other hand, using breath test and stool
antigen test, patients must stop taking proton-pump inhibitors (PPIs) and antibiotics for at
least 2 weeks or 4 weeks, respectively, before testing [151,152]

1.2.2. Invasive tests

Invasive tests were the first to be used in H. pylori diagnosis. In clinical settings, the
stomach is accessed by an endoscope and biopsy specimens are obtained, allowing to
assess the degree of pathology in the stomach.

1.2.2.1. Endoscopy

Endoscopic images can contribute to improve the early detection of typical lesions
recurrent in gastric cancer. Endoscopy also provides biopsy samples that can be used in
different diagnostic tests such as histology, culture, rapid urease test or molecular tests
that are mostly based on PCR.

Several imaging techniques for gastric cancer have evolved increasing the precision and
allowing the improvement of the diagnosis of pre-neoplasic lesions on a macroscopic level
[1583]. In recent years, the development of new endoscopic equipments to include narrow
band imaging, chromoendoscopy or confocal laser endomicroscopy (CLE) has
revolutionized the field [154-156].

CLE allows the observation of living tissue and also the vascular networks in the bronchial
and gastrointestinal tract during endoscopy [157,158]. Through this it technique is
possible to acquire high-quality images with a magnification of up to 1000-times, which
enables the visualization of capillary structures in the mucosal layer. Histological images
can be obtained through a miniprobe-based confocal fluorescence microscopy [159].
After the injection of an unspecific dye such as fluorescein or acriflavine it is possible for
example to assess microcirculatory alterations in the gastrointestinal mucosal tissue [160-
162]. The grey-scale images acquired in vivo can be comparable to conventional
hematoxylin and eosin (HE) slides. In the case of using fluorescently labeled antibodies as
molecular probes, it is possible to obtain similar results to immunohistochemical
techniques [163-165]. The main goal of this methodology is not only diagnosing gastric
carcinoma in vivo through a detailed examination of the mucosal surface and subsurface
but also screening for potential therapeutic targets [166]. The innovative introduction of
probe-based confocal laser endoscopy (pCLE) allows a spatial resolution in the micro-
scale (1 micron) through light in the visible spectral region. pCLE enables the analysis at
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histological level but using a flexible miniaturized fiberoptic probe of 1.5 to 2.6 mm outer
diameter inserted through the working channel of a standard endoscope. This system has
greater versatility relatively to endoscope-based CLE (eCLE) and it has been approved for
clinical use in the respiratory [167,168] and gastrointestinal tract [169,170]. Therefore, the
presence of particular pathological features and the presence of H. pylori could be
detected in the future. However, the diagnosis of H. pylori in the gastric mucosa by this
type of endoscopy has not yet been established with specific staining.

1.2.2.2. Histology

Histology was the first method used for the detection of H. pylori. Histological examination
also allows the characterization of the inflammation and lesions present in the gastric
mucosa. Following the Sydney classification system, gastric biopsy samples should be
collected from 5 sites: the lesser curvature of the corpus, the greater curvature of the
antrum, the middle portion of the greater curvature of the corpus and the incisura
angularis [171]. The analysis of fewer biopsy samples can lead to sampling errors or false
negatives. Biopsies are immediately introduced into a fixative of 10 (vol/vol) formaldehyde,
which maintains the morphology of the bacteria and with which most stains can be used
[130].

There is no specific staining for H. pylori. Conventional HE stain is not well suited for H.
pylori detection. Special histochemical stains such as modified Giemsa and Genta, as well
as the silver Warthin-Starry stain can be wused. It has been shown that
immunohistochemical stains with polyclonal/monoclonal H. pylori antibodies has a better
sensitivity and specificity than histochemical stains [172]. Guidelines suggest that at least
two different stains should be used on biopsy samples [173].

Through the histological analysis it is possible to distinguish morphological differences of
H. pylori when compared other Helicobacter present in the human stomach. H. heilmanii
sensu lato can be acquired from cats and dogs (zoonotic infection) and cause chronic
gastritis [174-176]. These groups of bacteria are longer than H. pylori, non-adherent to
epithelial cells and normally colonize in aggregates the crypts’ lumen [177].

The sensitivity and specificity of histological tests for H. pylori detection is dependent on
the pathologist’s experience and varies from 53% to 90% [178-180]. These values are
highly influenced by the site, number and size of the biopsies collected [181]. Prior
treatment for infection will affect the sensitivity and specificity of the method [172,182].
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1.2.2.3. Culture

H. pylori can be cultured from gastric biopsies. The plates are incubated in a micro-
aerobic environment during 5 to 7 days at 37 °C. The colonies can be identified by Gram
stain and biochemical tests such as urease, oxidase and catalase. This diagnostic method
has high specificity (about 100%) and sensitivity (90%) when performed under optimal
conditions [183]. However, low sensitivity of culture has been reported, generally due to
careless conservation of the biopsies or due to the effects of previous H. pylori treatment
[130]. Biopsy specimens should be transported with refrigeration and processed for
culture ideally within 6 h [184,185]. Additionally, culture is a tedious and time consuming
procedure [186,187].

Culture has the advantage of allowing antimicrobial susceptibility determinations, such as
clarithromycin. There are several commercial assays available [188]. The disc diffusion
(Oxoid™) is one of the most widely used tests; in here, an antibiotic coated disc is placed
directly onto the agar plate inoculated with H. pylori and the zone of bacterial growth
inhibition is determined [189]. However, the E-test for H. pylori culture-based antimicrobial
susceptibility is the recommended test by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) [190]. Through E-test it is possible to determine the
minimum inhibitory concentration (MIC) [191].

When culture is not possible, molecular tests that allow clarithromycin susceptibility
determination such as PCR or fluorescence in situ hybridization should be performed in
gastric biopsies [137].

1.2.2.4. Rapid urease test (RUT)

The rapid urease test is based on the capacity of H. pylori urease enzyme to produce
ammonia, which will increase the pH. The increased pH can then be detected by the
indicator phenol red, allowing the identification of active microorganisms [192]. Therefore,
biopsies obtained by endoscopy are placed on a reactive strip or agar gel medium with
urea, and if H. pyloriis present urease breaks the urea down into ammonia and CO,, with
results being visible after 1 hour (up to 24h, depending on the number of bacteria in the
biopsy and the type of kit) [173]. The other urease positive bacteria present in the
stomach e.g. Streptococci and Staphylococci, produce lower amounts of urease and thus
do not interfere in a short time detection [193]. Several commercial RUT are available with
varying formats (e.g. gel-based tests, paper-based tests and liquid-based tests) [194,195].
The first commercial kits introduced into the market were based on agar (the CLO test);
recent kits are strip-based tests such as PyloriTek, where biopsy specimens are
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sandwiched between a reagent strip with a pH indicator and a pad containing urea
[196,197]. The test is fast, accurate, and inexpensive, having 95%-100% of specificity and
85%-95% of sensitivity [195]. The sensitivity is mainly affected by the number of bacteria
present in the biopsy (10* minimum required for a positive result). False negative results
can appear after a pre-treatment with proton pump inhibitors, antibiotics or in case of
achlorhydria where the luminal pH is higher [198].

1.2.2.5. Molecular tests

Molecular tests available include PCR which can be used for H. pylori detection and
characterization of the bacterial genome [199-204]. PCR can be used in samples obtained
by invasive or non-invasive methods, as gastric biopsy specimens, gastric juice, saliva or
feces [205-209]. This technique can be applied when it is not possible to employ culture
methods, because few bacterial cells are present or when the isolation of H. pylori failed
due to contamination [173]. PCR can be used for testing clarithromycin resistance directly
in fresh or in formalin fixed, paraffin-embedded gastric biopsies, through the identification
of mutations in the 23S rRNA gene [210,211]. This test is particularly useful to detect
primary resistance to clarithromycin in the case of failure of a therapy with an antibiotic
[212]. Numerous other assays have been developed to detect mutations leading to
resistance, especially to macrolides and fluoroquinolones [213-215]. The study of the
potential virulence of this bacterium has also been performed in key genes such as cagA
and vacA [215-217]. The characterization of these genes may have an important role in
the identification of patients with high risk of disease development [215,217-219].
Real-time quantitative PCR assays allow quantification of the H. pylori present in biopsy
specimens and can to be more sensitive than conventional PCR methods [220].

An advantage of PCR based methods is that deoxyribonucleic acid (DNA) does not
require very demanding transport or storage conditions [221,222]. One of the
disadvantages of PCR as a routine test is that it is expensive compared with culture,
histology and the rapid urease test. In addition, it may lead to false-positive results that
can be caused, for instance, by DNA fragments of dead bacteria present in the gastric
mucosa of patients after treatment [209,223]. Other drawback of PCR is the existence of
Taq polymerase inhibitors that reduce the sensitivity of the reaction [224]. Moreover, the
contamination of samples with exogenous DNA can affect the specificity of this method
[225].
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FISH has been used to detect clarithromycin resistance with reported values for sensitivity
and specificity of 95% and 100%, respectively [226,227]. This diagnostic method will be
described in detail in the next topic.

1.3. Treatment of Helicobacter pyloriinfection

The first therapeutics against H. pylori were performed in 1984 leading to the suppression
or elimination of bacteria, but the reported suppression was transient [228-230]. Optimal
treatment for H. pylori has not been defined for all patients, because there is not a single
antibiotic treatment that can eradicate the infection and the rates of antibiotic resistance
vary by region. Consequently, there are many schemes for treating H. pylori infection,
which generally consist of a combination of various antibiotics (e.g. clarithromycin,
amoxicillin, metronidazole, tetracycline, fluoroquinolones, tinidazole) with anti-secretory
agents such as PPls or with bismuth salts [231-233].

The failure of bismuth-based dual therapies led to the development of triple therapies
involving the combination of bismuth salt, metronidazole and tetracycline [234]. The
addition of anti-secretory agents to bismuth-based antibiotic therapies allowed an increase
in the efficiency with 95% eradication success [235,236]. PPls were introduced in
therapeutic strategies in 1989 [237] allowing the clearance of H. pyloriin the antrum but
not in the body mucosa and therefore requiring at least one additional antibiotic [238].
PPls elevate the gastric pH after activation in the secretory canalicular space of the
parietal cell increasing the bioavailability and efficacy of antibiotics [239].

The triple therapy with PPI, clarithromycin and amoxicillin or metronidazole has become
universal since 1994 [240,241]. This therapy has become a standard during almost a
decade due to its consistently high eradication rates [242,243]. However, in the last years
a lower rate of success of the clarithromycin-containing triple therapy has been observed
(10-30%). There are several explanations for the failure of the triple therapy; nonetheless,
the most important one is the increase of H. pylori resistance to clarithromycin [137].
Because of that, it is currently recommended the attribution of specific treatments
according to clarithromycin resistance rates of the population to be treated (Table 1.1)
[137]. Different combinations of known antibiotics or new tailored treatments have also
been suggested [193,244-246]. One of these strategies is the sequential treatment that
includes a 5 day period with PPl and amoxicillin, followed by a 5 day period with PPI,
clarithromycin and metronidazole [247-249]. It has been also proposed the non-bismuth
quadruple therapy, where three antibiotics are taken simultaneously together with a PPI
[190,250].
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In general, to determine the success of eradication treatment, non-invasive tests should
be performed, such as the UBT or a stool test. Testing should be performed at least 4
weeks after the end of the treatment [137].

Table 1.1 - Summary of treatment lines depending on the clarithromycin resistance. Adapted from Megraud et
al., [251]

Regions of low clarithromycin resistance

Clarithromycin-containing treatments are
First-line treatment recommended; Bismuth-containing quadruple therapy
is an alternative;
Bismuth-containing quadruple therapy or levafloxacin-
containing triple therapy;
Third-line treatment Treatment should be guided by antimicrobial testing.

Second-line treatment

Regions of high clarithromycin resistance

Bismuth-containing quadruple therapy is
recommended;

Sequential treatment or nonbismuth-containing
quadruple therapy are an alternative;

Second-line treatment Levofloxacin containing triple therapy is recommended;

First-line treatment

Third-line treatment Treatment should be guided by antimicrobial testing.

Several groups have tried to develop a vaccine against H. pylori [252,253]. In the past few
years, different immunization strategies such as antigens and adjuvants have been tested
in animal models [254]. Earlier studies started in 1992 in a mouse model infected with H.
felis. In this first study, oral vaccination was developed with bacterial antigens and
mucosal adjuvants, demonstrating a protective immune response again H. felis [255]. In
recent years a new vaccine approach comprised new antigens, new antigen combinations
or new adjuvants [256]. Promising antigens were urease, katalase, CagA, VacA, HpaA,
AlpaA, BabA and NapA. These antigens can be used with adjuvants (e.g. cholera toxin
(CT), CpG-oligonculeotide, heat-labile enterotoxin (LT)) [257-259]. Different routes were
used such as oral, intranasal, rectal, intraperitoneal, intramuscular and subcutaneous.
Phase | clinical trials performed in humans revealed antigen-specific humoral and cellular
responses, however it did not show satisfactory protection against a challenge infection
[260,261]. Although the H. pylori-specific vaccination research have discovered useful
antigens, adjuvants and delivery routes, all the studies undertaken to develop a

successful vaccine for humans have failed until now.
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1.4. Fluorescence in situ hybridization

Since it was first developed, fluorescence in situ hybridization (FISH) has become one of
the most frequently used molecular techniques in the microbiology field [262]. FISH is a
powerful molecular method with widespread use in environmental and in medical
applications for the identification, visualization, and quantification of organisms of interest
in microbial communities [262-267]. Different FISH assays have been recently developed
for the direct identification of a wide range of gram-positive and gram-negative bacteria in
clinical samples [268,269]. This methodology has also been used to detect the resistance
status of H. pylori to antibiotic therapies (e.g. creaFAST® H. pylori Combi-Kit,
Probe4pylori®, Oxoid Ltd) [270,271].

FISH is based on the annealing of fluorescently-labeled oligonucleotides (commonly
called probes) to a specific complementary target sequence, enabling its detection and
quantification. When FISH is used as an identification method in bacteria, the target
sequences are mainly selected within the 16S rRNA or 23S rRNA since these regions can
be used as phylogenetic markers. When the sample is exposed to light of specific
wavelengths, fluorescence can be detected by epifluorescence microscopy or
fluorescence-activated flow cytometry [272]. Therefore, this method can be used to detect,
quantify and characterize (in combination with other techniques) a specific group of
bacteria present in clinical samples [273]. One of the most important advantages of FISH
is the fact of being a cultivation-independent method, allowing the analysis of microbial
communities composition and their dynamics, directly on the sample [265].

The design of adequate probes is a crucial step, and a previous and accurate analysis
through available databases is required to achieve good levels of specificity and sensitivity
[274-276]. The probes are synthesized and usually coupled to the 5’of the oligonucleotide
with a fluorescent label dye (e.g. cyanine (Cy): Cy3, Cy5, Fluorescein amidite (FAM),
Alexa fluor® dyes) [277,278]. FISH protocols in bacteria are usually composed by three
steps: fixation/permeabilization, hybridization and washing (Figure 1.3). Fixation and
permeabilization are typically joined in one operation with the objective to render the cell
wall permeable to the nucleic acid probe while, at the same time, guaranteeing that cell
lysis and extensive nucleic acid degradation will not occur. During hybridization, the probe
is placed in contact with the target cells, and if complementary (or near-complementary)
sequences are present, hybridization will take place. The specificity of this binding event,
i.e. the ability of the method to discriminate the target organisms from the remaining cells,
is further ensured by a washing step where all loosely-bound probes are washed away.
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Specificity can be theoretically predicted using 16S rRNA comparative sequence analysis,
as probes are designed to confer a required level of taxonomic specificity (e.g. species,
genus, class), and then implemented in the laboratory by optimizing the hybridization and
washing conditions [279]. Finally, visualization by either fluorescence microscopy or flow
cytometry allows the researcher to observe if successful hybridization has occurred.

The reaction stringency can be adjusted by parameters such as temperature, salt buffers
or denaturants components. However, it is necessary to consider some important details
in the optimization of this technique. Therefore, a successful hybridization is dependent on
several factors such as the conditions at which the hybridization step is carried out and
the ribosomal content of cells [280]. The effect of ribosomal proteins, the affinity of the
probe, technical factors like the type of fluorophore used, and the microscope’s optical
quality are also very important [266,280-282]. Due to the large number of factors involved,
the development of new FISH procedures remains highly empirical and time-consuming.
One of the ways to decrease the effort associated with method development is to be able
to predict under which conditions a new probe will work. For instance, if a suitable
mathematical model is available that allows the researcher to predict the temperature at
which the hybridization step should be carried out, the need for trial-and-error experiments

where several temperatures are tested can be minimized.

Figure 1.3 - Basic steps of fluorescence in situ hybridization in bacteria.
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1.4.1. Factors that influence fluorescence in situ hybridization

Low fluorescence ratio in hybridized cells may be related with different factors, such as
low ribosomal content of cells, difficulty in permeating cells walls and crowding
interactions [266]. These drawbacks can be circumvented by optimizations in the
experimental protocol adjusting the most important factors involved in FISH performance.
Some of these factors are mentioned below.

1.4.1.1. Effect of fixative

Chemical cell fixation is part of the FISH protocol that serves to increase the permeability
of the cell membranes allowing the entry of the probe into the cells and to stabilize cell
integrity (preventing nucleic acid from degradation) [265]. Fixatives can be divided in two
classes: cross-linked agents such as aldehydes (e.g. paraformaldehyde, glutaraldehyde)
and precipitant agents such as ethanol. Cross-linking agents act by adding covalent
reactive groups which may induce cross-links between proteins, nucleic acids and
between nucleic acids and proteins [283,284]. This method preserves the natural structure
of proteins such as their secondary/tertiary structures [285]. Precipitant agents remove
free water and hence precipitate proteins and inactivate enzymes. The denaturation of the
proteins occurs by the breaking down of the hydrophobic bonds (responsible by the
tertiary structures) [286].

Paraformaldehyde is the most common fixative agent in FISH in microorganisms. Though,
rRNA FISH using unfixed samples has been reported [287-289]. Alcohol enables
molecular dehydration acting on the hydroxymethyl adducts [290]. Additionally, ethanol
proved to be more effective for fixation of members of the Firmicutes and Actinobacteria
[291].

Consequently, it is necessary to take into account the different efficiencies of fixative
agents in the permeabilization of the bacterial cell wall to improve significantly the
detection rates with bacterium-specific probes [292].

1.4.1.2. Effect of denaturant and sodium concentration

The denaturing agent (e.g. formamide (FA), urea or dodecil sodium sulfate (SDS)) and
sodium ions are two of the most important ingredients used in FISH reactions with DNA
probes, and are also two of the most likely to impact hybridization temperature (TH).
These two chemicals are used to adjust the stringency conditions of the hybridization
[293].
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FA acts by allowing a more exposed surface in the molecule, leading in turn to a
thermodynamically more favourable reaction [294]. Earlier studies suggested that this
effect of FA was due to its ion-solvating power [295,296] and the ability to increase the
solubility of free bases [295]. In fact, by increasing the hydrophobic character of the
solvent, the activity coefficients and free energies of the bases were decreased, favoring
the denatured state [297,298]. Initially, it was demonstrated that the T,, of DNA duplexes
decrease linearly by approximately 0.65 °C per volume fraction of FA [299-302]. Though,
these earlier studies considered the effects of FA independently of DNA base content. In
theory, the concentration of a denaturant that is used in a FISH process should depend of
the oligonucleotide sequence and the hybridization sequence, therefore the optimization
of denaturant concentration is crucial for an efficient hybridization. Urea has also been
used as a denaturant in FISH protocols in order to reduce the toxicity from FA [303].
Sodium ions interact with nucleic acid duplexes stabilizing the electrostatic repulsions
between the duplex strands [304]. Consequently, low salt concentrations affect the
formation of the hybrid (in negatively-charged oligonucleotides) and causes reannealing of
the duplex. Subsequently, depending of the probe charge, adjustments on the sodium
concentration in each FISH experiment may be necessary.

1.4.1.3. Type of fluorochrome

The use of different fluorochromes can influence the yield of the hybridization [305].
Fluorescein and rodhamine-derivates (e.g. fluorescein isothiocyanate (FITC), Rhodamine,
and tetramethylrhodamine isothiocyanate (TRITIC)) are commonly-used dyes in
microbiology. Nevertheless, due to limitations such as bleaching limits, they have been
replaced by Cy series (e.g. Cy2, Cy3, Cy5) or Alexa fluor dyes. Fluorochromes with high
quantum yields and extension coefficient, such as Cy have been preferred to overcome
some problems related with low fluorescence intensity and sensitivity to pH. These types
of fluorochromes have significant higher staining and are more resistant to photobleaching
[306]. However, this type of fluorochromes has the tendency to increase the background
signal. This drawback can be easily overcome by improving the hybridization efficiency
and adjusting the stringency of the reaction [305]. The choice of the correct fluorochromes
is especially important in multiplex studies, where several types of probes and

consequently spectrally distinct fluorochromes have to be selected.
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1.5. Nucleic acid analogues

Limitations on the use of DNA and RNA oligonucleotides have been reported including
their toxicity, sensitivity to nucleases and low specificity for target nucleic acids [307,308].
Therefore, the last decade has observed an increased interest in the chemistry and
biology of nucleic acid analogues by the scientific community.

Nucleic acids analogues have the remarkable ability of sequence-specific hybridization
through Watson-Crick base pairing. The geometry of Watson-Crick base pairs is mediated
by hydrogen bonds, which are responsible for the association of complementary bases, a
process that is crucial for the storage of genetic information [309]. Additionally, it is
possible to conjugate these analogues with other molecules such as fluorescent dyes,
amino acids or nanoparticles [310-312].

Due to these characteristics, many unnatural nucleosides have been developed for
diverse purposes, such as enhancement of the affinity and selectivity towards RNA
sequences [313], control of gene expression [314] and as therapeutic agents [315].
Consequently, in general a new nucleic acid analogue is designed, synthesized and
evaluated with a view to improve the efficiency of the native DNA or RNA through the
changing of their bio-physical properties [316,317]. Several unnatural nucleotides have
been established through the modification or the replacement of the nucleic acid base
(e.g. C5-modified uridine nucleosides), phosphate backbones (phosphorothioates) or the
sugar-phosphate backbone. Examples of nucleic acid analogues with modifications in the
sugar-phosphate backbone include the 2’-O-methyl RNA (2’OMe), the locked nucleic acid
(LNA), the peptide nucleic acid (PNA) and more recently the unlocked nucleic acid (UNA)
(Figure 1.4) [318-323].

Although traditionally FISH employs DNA probes [324-326], this type of probes can
present some shortcomings. For instance, it has been shown that for DNA sequences the
capacity of mismatch discrimination is often difficult to achieve [307]. Low resistance to
exo- and endonucleases resulting in low stability in in vivo and in vitro applications, are
examples of DNA-FISH protocols limitations. More recently, the research based on
nucleic acid mimics promoted important improvements in this methodology [321,327,328].
In general, nucleic acid mimics showed better mismatch discrimination, higher resistance

to nucleases and higher chemical stability than standard DNA probes [329-331].
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Figure 1.4 - Structures of the monomers of selected nucleic acid analogues.

1.5.1. LNA

LNAs are modified unnatural RNA nucleotides that have recently began to be used in
FISH [307,332,333]. The pentose ring of LNA nucleotides is conformationally locked in a
C3’-endo/N-type sugar conformation by an O2’ to C4’ methylene linkage [328,334]. The
use of LNA residues mixed with DNA, RNA and 2’0OMe allows the stabilization of the
duplex during the hybridization and allows a more sensitive detection [307,335,336].
Additionally, this stability is evident in biological media where the presence of only three
LNAs at the 5" and 3’ ends is enough to increase the half-life of the oligonucleotide [337].
LNA oligonucleotides show low toxicity in biological systems and efficient transfection into
mammalian cells [338]. Due to these atypical properties of LNAs, they have been used as
an antisense molecule both in vitro and in vivo, exhibiting very high affinity and specificity
towards complementary DNA and RNA [333,339,340]. LNA has successfully been applied
as specific probes in miRNA northern blot analysis [341,342], as capture probes in
microarrays [343] and as probes for in situ detection [344,345]. Moreover, these
molecules are potential drug candidates to be used in oligonucleotides based therapeutics
for example to inhibit gene expression [346-350].

LNA has important advantages, namely the possibility of being synthesized using
conventional phosphoramidite chemistry which allows automated synthesis of chimeric
oligonucleotides such as LNA/DNA or LNA/RNA and good aqueous solubility [351].
Furthermore, LNA probes offer high design flexibility comparatively to the PNA probes.
The introduction of LNA into an oligonucleotide raises the melting temperature (T,,) of the
hybrid, depending on the length and the position in the oligonucleotide. It has been shown
that the number of LNA substitutions needs to be optimized to allow a higher hybridization
efficiency and specificity [307,352]. It has also been observed that single LNA
modifications in the inner positions of a DNA or RNA oligonucleotide has equal effect on
the stability, in spite of the chemical nature of the LNA nucleotides used [339,353].

Fontenete S. | 22



Background and aims Chapter |

The helical preorganization of single stranded oligonucleotides was suggested to be the
reason for this LNA nucleotide stabilization [335]. Similarly, LNA/DNA probes in which
LNA and DNA nucleotides alternate have shown strong increase of affinity [307].
However, the thermodynamic origin of LNA’s enhanced base pairing stability has not been
clearly delineated, although it has been suggested that the decreased entropy of duplex
formation and the improved stacking in the duplex both play a part. Additionally, enthalpy
has been reported to be improved [354].

LNA is now in itself a molecule that serves as the basis for many other nucleic acid
modifications, such as 2’- amino- LNA nucleotides and “doubled-headed” LNA [355].

1.5.2. 20OMe

2’'0OMe RNA is a natural sugar modification that can be found in most of the organisms.
The 2’OMe chemistry offers several advantages for biotechnological applications as this
molecule is nuclease resistant and has a great affinity for RNA targets [356]. More
specifically, the oligoribonucleotides containing the 2’0OMe have been studied as
diagnostic probes. Some studies showed that the 2’0OMe oligoribonucleotides probes have
higher target affinity than 2’-deoxy-oligoribonucleotides probes [356]. In addition, 22OMe
RNA probes can be designed to target living cells because they do not affect cell viability
[357]. One of the most interesting features of these oligoribonucleotides probes is the fact
that there is a high discrimination between matched and mismatched RNA targets, when
short probes are used. Therefore, these probes have revealed fast hybridization kinetics,
increased T, and ability to bind to targets [358]. More recently, it was demonstrated that
LNA/2°OMe probes have better results in the detection of miRNA than LNA/DNA probes
[359]. This was also proven by thermodynamic studies, using naked probes, indicating
that these probes have a greater binding affinity than the LNA/DNA probes [335].

Many studies have shown the huge potential in vivo therapeutic application of this nucleic
acid analogue [360,361]. The uptake of these oligonucleotides has been improved by the
coupling of nanoparticles as cell penetrating peptides (CPP) [360], copolymers [362],
nanoplexes [363] chitosan coated Poly(lactic-co-glycolic acid (PLGA) nanoparticles [364]
or dendrimers [365]. Still, the use of these probes in vivo as a diagnostic tool has not
been investigated.

1.5.3. UNA

An UNA, 2’-3’-seco-RNA is an acyclic RNA mimic monomer with a highly flexible structure
due to the open ribose ring, which is cleaved between the 2’- and 3’- carbons [366].
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Pasternak and Wengel performed a detailed thermodynamic study providing useful
features for an approximate prediction of the thermodynamic stability of UNA [367].
Because the UNA is an acyclic nucleoside, it leads to a decrease in duplex stability. A
destabilization due to the incorporation of a UNA monomer depends on either where this
mimic is positioned and the length of the duplex [368]. In fact, UNA nucleotide residues
cause destabilization of RNA duplexes by 4.0-6.6 kcal/mol (internal positions) or 0.5-1.5
kcal/mol (terminal positions). The destabilizing properties of UNA nucleotides are slightly
dependent on the nature of the flanking bases. Many other features must also be taken
into account to predict the thermodynamic stability of UNA-modified RNA duplexes. A
single UNA monomer in the centre of a DNA/DNA duplex and a RNA/RNA duplex leads to
a decrease of T, of 7-10 °C [368] and 5-10 °C [367,369], respectively. The UNA
monomers can also increase or decrease the specificity of oligonucleotide binding. For
example, the incorporation of a UNA on the opposite site of a mismatch causes a
decrease in the ability of the oligonucleotide to distinguish between matched and
mismatched duplexes [369,370]. However, depending on the incorporation conditions
(exact positioning) of UNA monomers, there might be a significant specificity increase
[366,369]. These characteristics, along with the fact that UNA has demonstrated
compatibility with RNase H activity, allows the use of this mimic in the gene silencing
context [367,371,372]. Other derivatives of UNA monomers are currently being
developed. One example is the pyrene-derivatized UNA monomer, in which the distal
amine piperazino moiety is conjugated through amine bond formation. These monomers
have the advantage (compared to unmodified UNA) of improved mismatch discrimination.
Thus, this feature can be very important in the use of these mimics as antisense
molecules and in the detection and analysis of genes [373].

1.5.4. PNA

PNA is an uncharged synthetic DNA analogue, where the sugar phosphate backbone is
replaced by N-(2-aminoethyl) glycine units [321,374-376]. PNA monomers were described
for the first time by Nielsen et al. [374]. These monomers bind with complementary DNA
and RNA sequences to form a Watson-Crick double helices. Moreover, these molecules
can generate triple helix structures and perform strand invasion. PNA forms various hybrid
complexes such as PNA:PNA, PNA:DNA and PNA:RNA duplexes, and PNA:PNA:PNA
and PNA:DNA:PNA triplexes [377]. Due to its thermodynamic characteristics, PNA
presents several advantages for FISH experiments. For instance, PNA:target duplexes
are more stable under physiological salt conditions (being resistant to nuclease and
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protease degradation) and have more favourable hybridization properties than the
corresponding unmodified DNA or RNA duplexes [321,378,379]. PNA probes can be
shorter than other nucleic acid probes because their enhanced binding properties [380].
Due to its neutral charge, PNA has very high affinity for DNA/RNA owing to the lack of
charge repulsion of the peptide-like backbone [321,381,382]. Another important hallmark
of the properties of a PNA is its stability and versatility [383]. Their extreme stability in
acid environment (where DNA would undergo depurination) represents yet another
advantage [384].

The higher specificity and sensitivity of PNA have been exploited in order to develop
several diagnostic applications [271,385,386]. PNAs duplex formation is greatly
destabilized by a single-base mismatch, enabling the use of these nucleic acid mimics in
diagnostic protocols for point mutation identification [387]. Due to this highly sensitive
hybridization, PNA nucleic acid probes have been employed in the identification of nucleic
acid of disease-associated bacteria, fungi, virus or other pathogens [388-391]. More
specifically, PNA probes have been demonstrated to be useful for rRNA detection in ISH
and FISH assays [388,392,393]. Moreover, PNA probes hybridize independently of the
salt concentration, therefore, conditions where the stability of the secondary structures of
the target rRNA are decreased can be selected. This allows PNA probes to hybridize to
less accessible target sites [394] PNA has also been used in PCR molecular diagnosis
protocols. The capacity of some PNAs to bind dsDNA has also promoted their use in
antisense technology [395]. However, these nucleic acid mimics have low efficiency in cell
entry, probability due to the non-ionic structure of PNA [396,397]. New chemical
modifications have been developed to enhance these biophysical properties, while
maintaining the highly desirable hybridization properties [396]. Examples include the
change of the backbone to add negative or positive charges [398] or the attachment of a
cationic amino acid to improve the aqueous solubility [399].

Until now, PNA is the only mimic with Food and Drug Administration (FDA) certified
methods based on PNA-FISH for clinical bacteriology, commercializing by AdvanDx.
Several PNA FISH® tests for rapid identification of different bacteria (S. aureus, E.
faecalis, E. coli, P. aeruginosa and K. pneumoniae) have been developed [393,400,401].
More recently, the same company launched new products, such as QuickFISH®, that
takes only 20 min to be performed [402,403]. These probes have been shown to possess
higher sensitivity and specificity (e.g. sensitivity, 99.1%; specificity, 99.6% in methicillin-
resistant S. aureus organisms) [403-405] and all have gained FDA clearance.
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1.5.5. Phosphorothioate oligonucleotides

Phosphorothioate oligonucleotides contain non-bridging sulfur backbones, which means
that oxygen is replaced by sulfur in the backbone (PS) of analogues or derivatives [406].
Interestingly, these substitutions do not disrupt hydrogen bonding between the
nucleobases. PS was initially introduced by Fritz Eckstein in the 1970’s mainly with the
synthesis of adenosine 5’-phosphorothioate which had an unexpected resistance to
phosphatases [406]. The development of phosphoramidite technology allowed the
expansion of PS-oligos syntheses for therapeutic applications in a large scale [407]. PS
modification blocks or reduces the ability of several nucleases to degradation. This
modification can be placed uniformly in a sequence or can be strategically inserted in a
critical position leaving some unmodified linkages. PS modification lowers T, by
approximately 0.25 °C (in 220OMe oligonucleotide duplexes with an RNA target) per
modified linkage and consequently reduces binding affinity [408].

PS backbones are present in a large number of oligonucleotides in clinical trials.
Additionally, the two oligonucleotides (Vitravene and Mipomersen) approved by the FDA
as drugs are fully phosphorothioated [409-412].

1.5.6. Synthesis and properties of nucleic acid analogues

1.5.6.1. The phosphoramidite method

The use of the phosphoramidite method by the application of solid-phase technology and
automation was developed by Marvin Caruthers in the 1980s and it is now established as
a standard method [413]. Since then, the method of chemical synthesis of
oligonucleotides has been the phosphoramidite four-steps of coupling, capping,
oxidation/thiolation and detritylation repeated until all the bases have been incorporated in
the 3’ to 5’ direction (Figure 1.5). The first step is detritylation of the support-bound 3’-
nucleoside where the 5’DMT protecting group (4,4’ -dimethoxytrityl) is removed from the
first pre-attached nucleoside to the resin (detritylation). Although standard solid-phase
supports have the first base pre-attached to the resin, for some nucleic acid analogues
these columns are not readily available and it is necessary to use universal supports.
These supports do not have a base attached and therefore, the first base is added in the
first coupling step. This involves activation and coupling of the nucleoside
phosphoramidite. For that, nucleosides are mixed with tetrazole (or a derivative) and
dissolved in acetronitrile, allowing the formation of a new phosphorus-oxygen bond and
creating a support-bond phosphite triester. The second step is the capping that allows
blocking the unreacted 5’-hydroxyl groups. A mixture composed by acetic anhydride and
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N-methylimidazole acetylates alcohols the 5-hydroxyls groups inert to subsequent and
make reactions. This step is crucial to avoid deletion mutation of the desired
oligonucleotide. The phosphite-triester (P(lll)) formed during the coupling step must be
converted to a stable (P(v)) species. The newly-formed phosphite triester internucleotide
bond is then converted to the corresponding phosphorothioate or phosphodiester with a
thiolating or oxidation reagent, respectively (step 3). The fourth step of the
phosphoramidite oligo synthesis is the detritylation, which involves the removal of the
DMT protecting group at the 5-end of the resin-bound DNA chain, allowing that the
primary hydroxyl group can react with the next nucleotide phosphoramidite. In the end of
the oligonucleotide synthesis, cleavage from the support can be carried out automatically
or manually by an ammoniacal solution. The oligonucleotide deprotection is based on the
exposure of the oligonucleotide in concentrated aqueous ammonia and then this solution
is heated to remove the protecting groups from the heterocyclic bases and phosphates.
After evaporation the oligonucleotide can be purified [414]. Contrarily, the cleavage of an
oligonucleotide from universal supports involves two steps, ester hydrolysis followed by
dephosphorylation (breaking of a P-O bound).

One of the principal advantages of solid-phase is the easy methodologies (filtration and
washing steps) that can be used to separate the immobilized product from other reagents
and by-products. This method also allows the synthesis of small quantities of material (0.2
to 1 umol scale), which is crucial because of the high cost of the reagents. This technique
also has some drawbacks. An example is the high coupling yield needed in every chain
extension step. Although using this methodology, the coupling efficiencies are typically
very high (98-99%), incomplete capping of coupling failures may occur, resulting in
deletion sequences (being the major impurities in solid-phase oligonucleotide synthesis).
Other impurities can result from incomplete detritylation or incomplete oxidation/thiolation,
which makes the purification process crucial for some applications (e.g. cells or bacteria)
[415,416].
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Figure 1.5 - The phosphoramidite oligonucleotide synthesis cycle. The 5 hydroxyl group from the first
nucleoside attached to the solid is removed (detritylation). The next nucleoside is coupled in the presence of
an activator (step 1). Any unreacted 5’ hydroxyl is capped (step 2), and the phosphite triester is oxidized or
thiolated to provide a phosphotriester or phosphorothioate linkage, respectively (step 3). To allow the
incorporation of the next nucleotide, detritylation occurs through the removal of the DMT protecting group at
the 5’-end of the resin-bound DNA chain (step 4). This cycle continues until the oligonucleotide sequence is
completed. In the end of the oligo synthesis, the oligonucleotide is cleaved from the support and deprotected.
Adapted from Brown T ef al., [414].

1.5.6.2. Solid-phase PNA synthesis

The process of PNA synthesis is very similar to the solid-phase peptide synthesis. In
chemical terms, the carboxylic acid must be activated, being converted to O-acylisourea
(by reaction with a carbodiimide), which is spontaneously converted to a reactive 1-
hydroxybenzotriazole ester. The following step in PNA synthesis is an amide bond
coupling reaction between two amino acids where the carboxylic acid is firstly activated
(benzotriazole uranium salt) and the following reactions end with the formation of a
hydroxybenzotrazole ester. In the final step, the protecting groups are removed and the
cycle of each PNA synthesis ends [417].
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1.6. Melting temperature prediction of oligonucleotide probes

When FISH first appeared, most studies were performed at the same temperature (46 °C)
during the hybridization step [418-420]. This temperature was maintained constant by
testing different probe designs and altering the concentration of denaturing agents, in the
hybridization solution. The arrival of multiplex methods (the use of more than one probe in
the same experiment to detect multiple microorganisms), together with a better
understanding of the hybridization mechanisms, changed this approach. Because in a
multiplex experiment probes have to operate at the same temperature and concentrations
of denaturing agents, the current approach is to predict the temperature at which the
probes will work based on the sequence of the probe and taking into account the
compounds of the hybridization solution used in the experiment [307]. Still to date, there
are no mathematical models that can accurately predict the optimal T, for a given
oligonucleotide probe. As such, the more easily calculated T, of an oligonucleotide is
calculated instead [421]. T, can be defined as the temperature at which half of the
nucleic-acid strands are forming a duplex and the other half are single stranded, i.e. the
temperature at which the dissociation factor is 0.5 [422]. Typically, T, is used as an
indication for the Ty, but the relationship between these temperatures has not been clearly
defined in the literature. It appears sensible to state, however, for hybridization to occur as
efficiently as possible, it would be desirable that all sites have bound probes. It hence
follows that T,, overestimates Ty by a value that is related to the slope of the melting curve
and to the dissociation fraction that is considered acceptable for the FISH procedure
(Figure 1.6). For strands that are not completely complementary, i.e. that contain one or
more mismatches to the target sequence, it is usually desirable that the dissociation factor
is close to 1 at the Tp.

Examining Figure 1.6, it would be reasonable to consider that the hybridization would be
successful if it was performed at a temperature equal or lower than the Ty. However, in
the initial state of the dissociation fraction curves, the nucleic acids are already in the
duplex configuration, and as such do not require energy so called activation energy (Ea)
to form a duplex. FISH, on the other hand, starts with two single stranded strands that will
require Ea to hybridize [294]. This implies that low temperatures will make the
hybridization process very slow, and consequently there is a narrow range of TH at which
FISH will provide satisfactory results. The narrow range allows researchers to increase
the temperature to minimize non-target hybridization, if specificity is an issue, whereas the
opposite may be true if sensitivity is the biggest issue.
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Figure 1.6 - Melting temperature (Tm) and dissociation fraction curves are showed for completely
complementary strands (DNA duplex) and for strands with one mismatch (DNA duplex mismatch). The Ty is
presented as the hybridization temperature for DNA duplex and Tu (mm) represents the hybridization
temperature for the DNA duplex containing one mismatch (DNA duplex (mismatch)). The values used to
design the curves are hypothetical.

T is intrinsically related with other thermodynamic properties such as the Gibbs Free
Energy (G). This energy is a thermodynamic quantity which can be used as an indicator of
whether a reaction is thermodynamically favourable or not. When AG is negative (AG<0)
the reaction will be favourable or spontaneous, and the more negative the value the more
favourable is the reaction. An estimation of these parameters (and also their correlation)
can now be obtained by the nearest-neighbour model (NN), which relies on the
assumption that the stability of a base pair depends on the identity and orientation of the
adjacent base pair (neighbour base pair) [423,424]. While very useful, the NN model was
developed to deal with the thermodynamics of nucleic acid hybridization in general, and
does not take into account all parameters and chemical compounds involved in the
hybridization step of a FISH procedure. After, other models for prediction of the T, value
were developed. These first thermodynamic models were based on thermodynamic
parameters calculated for DNA or RNA oligonucleotides, but with the appearance of the
new DNA or RNA mimics it has become necessary to adjust these models or to develop
novel models. The most used models to calculate thermodynamic parameters for
DNA/RNA mimics oligonucleotides have been derived from the ones used for DNA
oligonucleotides and provide important information about the conditions at which the FISH
procedure should be performed, helping to decrease the time involved in method
optimization [335,382,425]. However, the results often lack accuracy because these all
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models are not specific for FISH since they were designed for other molecular biology
techniques, such as PCR. Additionally, they do not take into account all parameters and
chemical compounds (e.g. for salt and denaturant constituents) involved in the
hybridization step of a FISH procedure. Furthermore, these methods only allow us to
predict the T, which is used as a reference for the hybridization temperature as illustrated
above when the T, values predicted by the models were compared with the Ty’s used in
the experiments. In short, the thermodynamic models already developed for DNA, RNA
and DNA/RNA mimics only allow researchers to obtain an indication of the range of the
hybridization temperature. If possible, one should always confirm the predicted T,, values
through two independent models due to the occurrence of potential deviations.
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1.7. Aims

The general aim of the work presented in this thesis was to develop a new methodology
based on FISH using nucleic acid mimics for the in vivo diagnosis of Helicobacter pylori.
Particularly, the present thesis is focusing on the potential use of LNA as a strategy to
detect H. pylori directly in the gastric mucosa.

Nucleic acid analogues such as LNA have several advantages comparatively to their
nucleic acid counterparts (DNA or RNA), for example higher chemistry stability, higher
efficiency in target detection and better capacity to discriminate mismatches [426,427]. As
such, LNA have revealed a multitude of properties that make them suitable to clinical
applications [428]. Considering their enhanced detection properties, it is essential to study
their diagnostic capacity against clinically-relevant microorganisms. Consequently, the
initial approach consisted on the evaluation of the capacity of LNA probes to detect H.
pylori. Different designs were developed, synthetized and their hybridization efficiency
assessed by measuring fluorescence intensities using flow cytometry and bioinformatics
tools. Chemical stability studies were also performed to analyse all probes in order to
understand their biophysical characteristics. These studies will be described in Chapters
I, 11l and IV to provide important keys about the most efficient designs to be used in H.
pylori detection, as well as to elucidate the specific characteristics of the different nucleic
acid analogues.

Another aim of this study is the use of LNA probes to detect H. pylori at normotemperature
(37 °C), based on the results from Chapter Il. Using FISH, probes were compared by
means of microscopy and flow cytometry analysis. Sensitivity and specificity of the probe
which showed the best performance in H. pylori detection was also studied, using different
Helicobacter species, non-Helicobacter species, H. pylori strains and clinical isolates.
Several studies were performed in order to achieve a preliminary protocol to detect H.
pylori in vivo. These results will be presented in Chapter V.

H. pylori can be found in the human gastric mucosa which is an acid environment. To
reach an in vivo diagnostic protocol it is therefore important that the methodology is non-
toxic and acid resistant. For this, a wide optimization of the standard FISH protocol was
performed. Each optimization was investigated carefully to maintain high efficient
detection of H. pylori. Extensive analyses of the previously described probe were also
performed in order to determine the sensitivity and specificity at low stringency conditions
(low pH and low hybridization temperature, 37 °C) using different Helicobacter species,
non-Helicobacter species, H. pylori strains and clinical isolates. To mimic human gastric
conditions, a simulated gastric juice was also used. In order to ascertain the potential
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application in vivo of this method, cytotoxicity and genotoxicity assays using a gastric cell
line were also performed. Data generated in this part of the thesis will be presented in
Chapters VI and VII.

To ascertain the potential use of the probe and of the developed methodology, in vivo
studies using H. pylori-infected C57BL/6 mice were also an aim of the thesis. In order to
assess the suitability and protocol efficiency of the FIVH for H. pylori detection,
fluorescence signal was evaluated ex vivo in mucus samples, cryosections and paraffin-
embedded slides from the corpus and antrum of the stomach mucosa using microscopy.
In vivo studies will be presented in Chapter VII.

In this thesis, a paper reviewing the findings of the literature regarding the thermodynamic
of nucleic acid mimics (Appendix 1) is also included, and has been partially used in the
Introduction.

The present thesis reports the work performed at the BEL Group Lab at LEPABE,
Laboratory for Process Engineering, Environment, Biotechnology and Energy, Faculty of
Engineering (University of Porto), Cancer Genetics Group Lab at IPATIMUP, Institute of
Molecular Pathology and Immunology of the University of Porto, Nucleic Acid Center at
the Department of Physics, Chemistry and Pharmacy (University of Southern Denmark)
and at LMPH Group Lab at Faculty of Pharmaceutical, Biomedical and Veterinary
Sciences ( University of Antwerp).
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Abstract

Aim: Fluorescence in situ hybridization (FISH) employing nucleic acid mimics is becoming
an emerging molecular tool in the microbiology area for the detection and visualization of
microorganisms. However, the impact of using locked nucleic acid (LNA) and 2’-O-methyl
RNA (2°'OMe) modifications in the FISH procedure is unknown.

Methods: In this study we compared melting and hybridization efficiency properties of 18
different probes in regards to their use in FISH for the detection of the 16S rRNA of
Helicobacter pylori.

Results: For the same sequence and target, the probe length and the type of nucleic acid
mimics used as mixmers in LNA-based probes strongly influences the efficiency of
detection. LNA probes with 10 to 15 mers showed the highest efficiency. Additionally, the
combination of 220Me RNA with LNA allowed an increase on the fluorescence intensities
of the probes.

Conclusion: Overall, these results have significant implications for the design and
applications of LNA probes for the detection of microorganisms.

Keywords: FISH, Locked nucleic acids, urea, bacteria
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2.1. Introduction

FISH is a technique commonly used for the identification of bacteria and other
microorganisms [1]. One of the challenges in FISH is the design of adequate probes, that
provide high hybridization efficiency [2]. As a way to overcome those challenges, probes
modified with conformationally-restricted nucleotides such as LNA monomers have been
used [3-5]. LNA probes can be designed jointly with DNA monomers or other types of
chemical modifications, such as 2’-O-methyl RNA (2°OMe). Recent studies appear to
indicate that the substitution of DNA monomers by 220OMe monomers leads to superior
hybridization efficiency in FISH [3,6]. Other types of modifications can be also added to
LNA probes, such as the substitution of the regular PO backbone by PS. In a PS
backbone, a sulfur atom substitutes one of the non-bridging oxygen atoms in the
internucleoside linkages of a probe. This modification increases the resistance of a probe
to nuclease degradation [7], and allows its application in therapeutic approaches [8,9].
However, the use of PS probes in FISH has not been systematically studied in the
microbiology area.

In this paper we analyse the ability of different probes consisting of LNA/DNA and
LNA/2'OMe and with different backbones (PO and PS) to target both naked RNA and the
intracellular rRNA of H. pylori We also compared the different types of FISH
methodologies in attached and suspended bacteria. The efficiency of the probes was
quantitatively evaluated using image analysis and flow cytometry (Figure 2.1).

2.2. Materials and Methods

2.2.1. Bacterial strains and culture conditions

H. pylori 26695 obtained from the American Type Culture Collection (ATCC 700392, VA,
USA) was maintained on trypticase soy agar (TSA) supplemented with 5% (v/v) sheep
blood (Becton Dickinson GmbH, Germany). Single colonies were streaked onto fresh
media every 48 hours and the plates were incubated at 37 °C under microaerobic
conditions. After the incubation time, biomass was scraped from the plate and suspended
in water or saline (0.90% w/v of NaCl). Bacterial density was determined by the dilution of
this initial culture to 1x 10° bacteria and the absorbance was measured at 600 nm.
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Figure 2.1 - Experimental flowchart for this study. The first step in this study was probe design using
bioinformatics tools followed by thermodynamic analysis. Then, LNA advanced probes were synthetized
based on standard phosphoramidite chemistry. The following step was to determine experimental melting
temperature (Tm) of each probe using different buffers and denaturants (formamide, FA, and urea). FISH
experiments using the same denaturants were also performed in pure cultures of H. pylori 26695. In these
studies both attached bacteria and bacterial suspensions were used which were analysed by microscopy and
flow cytometry, respectively. Finally, data from fluorescence intensities obtained from these two methods were

compared.
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2.2.2. Probe design and synthesis

The 16S rRNA target region for the probes was selected based on previous results from
our group [10]. LNA-based probes (DNA/LNA and LNA/2-OMe chimeras) of different
lengths (Table 2.1) were designed based on previous reports [11-13]. Since LNA and
2'0OMe substitutions are expected to increase duplex stability comparatively to LNA and
DNA [14,15], and because LNA and 2’OMe probes can be designed to be shorter than
unmodified DNA or RNA probes, we therefore tested probes with 10 to 18 monomers
based on the indications obtained from thermodynamic parameters egg. free Gibbs
energy [16]. The binding affinity towards RNA of LNA/2’OMe probes is expected to
increase when compared to LNA/DNA. An optimal design is also expected to include LNA
monomers alternated with other monomers as opposed to being sequential [13].

Probe sequences were compared against sequences of H. pylori and closely-related
microorganisms using the freely available 16S rRNA database of the Ribosomal Database
Project Il (RDP-II), version 10 [17] to analyse the theoretical specificity and sensitivity of
each individual probe, as described in Almeida et al. [18]. Only high-quality sequences
with 2 1200 bp were used to perform this analysis [17]. All probes selected differed by at
least two mismatches from non-H. pylori species. Probes were synthesized as described
in [3] using a PerSpective Biosystems Expedite 8909 (Applied Biosystems, USA) nucleic
acid synthesizer. The 5-end of each probe was labelled by a fluorescein (FAM)
phosphoramidite building block. LNA and 2°0OMe phosphoramidite monomers were
purchased from Exiqon (Copenhagen, Denmark) and Ribotask (Langeskov, Denmark),
respectively.

Unmodified DNA and RNA sequences used in melting temperature (T,) studies were
obtained from Sigma-Aldrich (St. Louis, USA) and Integrated DNA Technologies (Leuven,
Belgium), respectively.

2.2.3. Melting temperature (T,,) studies

The Ty, values for duplexes involving RNA complementary strands were determined on
PerkinElmer Lambda 35 UV/VIS spectrometer equipment with PTP 6 (Peltier Temperature
Programmer). These studies were performed in different types of buffers; medium salt
buffer with 110 mM Na* (100 mM NaCl, 10 mM NaH,PO, and 0.1 mM EDTA, pH 7.0),
medium salt buffer with 30% (v/v) formamide (FA), a low salt buffer of 10 mM Na* (10 mM
NaCl, 0.5 mM EDTA, 5 mM Tris-HCI and 30% (v/v) FA, pH 7.5) and a high salt buffer of
900 mM Na* (900 mM NaCl, 5mM EDTA and 50 mM Tris, pH 7.5) and with 4M urea.
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One uM of each probe and RNA complementary strand were mixed and denaturation at
85 °C for 5 min was performed followed by cooling to 15 °C prior to measurements.

Table 2.1 - Sequences of probes used in this study. Designs of the probes represented were based on
thermodynamic parameters. All the probes were synthetised by phosphoramidite chemistry. LNA nucleotide
monomers are represented with L superscript, 2-OMe-RNA monomers in boldface letters, DNA nucleotides in
capital letters, and phosphorothioate linkages by the symbol*

Probes analysed Sequence

5- FAM GA"GA"CT-AA"GC"CC'TC-CA"AC" -3’
5- FAM G*A~G*A" C*T- A*A" G*C" C*C™*T*C*C*A**A*C"- -3’
5- FAM G"AGA" CUA "AG C'CCT"CCA"AC -3’

5- FAM G"*A*G*A"*C*U*A"*A*G*C"*C*C*T"*C*C*A"*A*C -3’
5- FAM GA"GA"CT"AA"GC'CC'TC'C -3’

HP_18LNA_PO
HP_18LNA_PS
HP_18LNA/20Me_PO
HP_ 18LNA/20Me _PS

HP 15LNA PO
HP 15LNA PO 2 5'- FAM GA"GACT"AAGC'CCTC'C -3’
HP_15LNA_PS 5- FAM G*A"G*A" C*T"A*A“ G*C-' C*C-*T*C'C-3’

’ * ALxAx A x*xTLx Ax Ax*xALx~xAxTrALx ’
HP 15LNA_PS 2 5'- FAM G*A“G*A*C*T-*A*A*G*CH*C*C*T*CH*C-3

HP_15LNA/20Me_PO
HP_ 15LNA/20Me _PS
HP_12LNA_PO
HP_12LNA_PS
HP_12LNA/20Me_PO

5- FAM G"AGA" CUA "AG C'CCT"CC-3

5- FAM G**A*G*A"*C*U*A"*A*G*C"-*C*C*T-*C*C-3’
5- FAM GA"GA"CT-AA"GC'CC"-3’

5- FAM G*A"G*A" C*T-A*A"G*C- C*C"-3’

5- FAM G"AGA" CUA “AG C'CC-3’

5- FAM G*A"G*A" C*T-A*A~G*C- C*C"-3’
5- FAM GA"GA"CT"AA"GC"-3’

5- FAM G*A"G*A" C*T-A*A"G*C"-3’

5- FAM G"AGA" CUA "AG C"-3’

5- FAM G"*A*G*A"*C*U*A™*A*G*C"-3’

HP_ 12LNA/20Me _PS
HP_10LNA_PO
HP_10LNA_PS
HP_10LNA/20Me_PO
HP_ 10LNA/20Me _PS

Absorbance versus temperature melting temperatures were measured at 260 or 270 nm
depending on the buffer in solution [19] (Ao VvS. temperature for medium salt buffer and
for high salt buffer; A7y vs. temperature for medium salt buffer with 30% (v/v) FA and for
low salt buffer with 30% FA). A heating rate of 1.0 ¢C/min from 15 °C to 85 °C was used.
The T, values provided in Table 2 and S1 were obtained from the maxima of the first
derivatives of the melting curves and determined as an average of two measurements
within £ 0.5 °C.
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2.2.4. Hybridization procedure on slides

FISH on attached bacteria was performed as described in our previous study [3] with
some modifications. After fixation and permeabilization of the smears with 4% (v/v)
paraformaldehyde (15 min) and 50% (v/v) ethanol (15 min), the hybridization step was
performed using 200 nM of each probe diluted in two different types of buffer. Because
one of the goals of this study was to evaluate if the substitution of FA by urea was not
detrimental, one of the buffers contained 50% (v/v) FA (Across Organic, New Jersey, US)
and the other 4 M of urea (VWR BHD Prolabo, Haasrode, Belgium). The other reagents
were common to both buffers: 10% (v/v) dextran sulphate (Fisher Scientific, MA, US),
0.1% (v/v) Triton-X (Panreac, Barcelona, Spain), 5 mM of EDTA disodium salt 2-hydrate
(Panreac), 50 mM Tris-HCI (Fisher Scientific, New Jersey, US) and 900 mM NacCl
(Panreac). The following steps were performed as previously described by Fontenete et
al., [3]. Samples were covered by coverslips, place in moist chamber in an incubator at
the temperature in study and incubated during 90 minutes. After hybridization, the
coverslips were removed and the slide were submerged in washing solution containing
5 mM Tris Base (Fisher Scientific), 15 mM NaCl (Panreac) and 1% Triton X (Panreac), for
30 min at same hybridization temperature (Ty). Finally removed from the incubator and
the slides were allowed to air dry. For each experiment a negative control was performed
simultaneously, following all the steps for standard hybridization but without the addition of
the probe to the hybridization solution. All slides were analysed immediately after the
experiment by microscopy. All experiments were performed in triplicate.

2.2.5. Hybridization in suspension

The hybridization method was based on procedures described in Fontenete et al. [3] with
small modifications. Cells for flow cytometry analysis were fixed in 400 uL of 4% (v/v)
paraformaldehyde for 1 hour at room temperature, the pellet was then resuspended in 500
pL of 50% (v/v) ethanol and incubated at -20 °C for at least 30 min. Cells were subjected
to sonication for 12 min (Transsonic 420, Elma, Germany), followed by filtration through a
sterile 10 um pore-size filter (CellTrics®,Gorliz, Germany) to avoid bacterial aggregates in
the final suspension. The hybridization step was then performed, using 100 pL of fixed
cells and 100 pL of hybridization solution (with FA and urea) at different temperatures for
90 min. The pellet was washed in 500 uL of washing solution and incubated at the
respective temperature for 30 min. The pellet was resuspended in 100 pL of saline and a
sterile filter with 10 ym pore size (CellTrics®) was used to remove cellular aggregates.
Cells were stored at 4 °C until flow cytometry analysis. Similarly to the hybridization
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procedure on slides, a negative control was performed for each experiment. For each
protocol all probes were tested simultaneously at the same temperature to minimize intra-
experimental errors. All experiments were performed in triplicate.

2.2.6. Microscopy evaluation and image analysis

Samples were observed using a Leica DM LB2 epifluorescent microscope (Leica
Microsystems GmbHy, Germany) equipped with adequate filters. For image acquisition, a
DFC300 FX camera (Leica) was used and the exposure time, gain and saturation values
were fixed for all preparations. Fluorescence intensities were quantified by using an open
source image-processing Imaged software (version 1.490) [20] though a semi-automatic
method developed by us designated FISHiji3 This method is consist in three steps:
optimization (selection of regions of interest), segmentation (removal of artefacts in the
image) and analysis (mean of fluorescence intensity of each image).

2.2.7. Flow cytometry analysis

H. pylori suspensions stained with FAM-labeled LNA probes, and the respective unstained
negative controls, were analysed in an EPICS XL flow cytometer using the EXPO32ADC
software (Beckman Coulter, Brea, USA) equipped with a 488 nm laser. For each sample,
20.000 events were collected. All experiments were repeated in triplicate and unstained
negative controls were included for each type of protocol in every analysis.

2.2.8. Statistical analysis

Results were compared using One-way analysis of variance (ANOVA) by applying Tukey
multiple-comparisons test, using GraphPad Prism version 5 software (GraphPad Sofware,
San Diego, USA). A confidence level of 95% was employed for all statistical analysis.

2.3. Results
2.3.1. Melting temperature studies

The initial purpose of this study was to understand the efficiency of the hybridization using
different designs of LNA probes. Different properties such as ionic strength play an
important role for the stability of nucleic acid duplexes [21]. Therefore, to study the stability
of these LNA probes coupled to the target sequence, we performed measurements of T,
in different types of buffers (Table 2.2 and S1). These buffers differ in salt concentration
and presence of denaturants (FA or urea). For the high salt buffer with urea it was not
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possible to exactly determine any T,, as they were all higher than 85 °C (the maximum
temperature that could be assessed) for the RNA target.

2.3.2. FISH detection of H. pylori by fluorescence microscopy and flow cytometry

To analyse if the microbial detection by FISH is dependent on the type of FISH technique,
the probes were evaluated through two different FISH methodologies: by fluorescent
microscopy on slides in attached bacteria and by cytometry in bacterial suspensions. The
use of two FISH methodologies allowed us to analyse if the practical procedure could
affect the final results. This study was also very important to determine the robustness of
the probes. To compare both protocols, we determined the optimal TH in both
methodologies as the higher value of fluorescence intensities obtained by quantification
by FISHji (Chapter Ill) and flow cytometry data. Different hybridization temperatures,
between 37 °C and 65 °C, were tested. We observed that for both methods the same
optimal Ty, i.e., the temperature at which the fluorescence signal was highest, was
obtained for all probes (Table 2.2). Therefore we showed that both methods can be used,
thus demonstrating a high correlation (Figure S1). It was also observed that the optimal
hybridization temperature for each probe was independent of the denaturing agent used
at the specific concentrations tested.

The correlation between T, and Tyis not entirely clear [16]. Therefore, we analysed the
correlation between the T, using the medium buffer with FA with naked RNA for each type
of probe, and the optimal hybridization temperature obtained in vitro (Figure 2.2). We
observed a moderate level of correlation when these temperatures are compared under
similar ionic strength conditions and in the presence of denaturant (Figure 2.2A). The
difference between T,, and Tywas also studied and showed to be similar to the value
previously calculated in the literature (LNA ref) (Figure 2.2B).
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Table 2.2 - Results of thermal denaturation experiments in different types of buffers for different types of
probes and optimal hybridization temperatures (Ty) obtained by FISH (attached and suspension) for each
probe in study. The RNA complementary oligonucleotide has the following sequence: 5'-
UUGGAGGGCUUAGUCUCUCCAG-3'. The DNA reference (“HP_21DNA_PO”) has the following sequence:
5- CTGGAGAGACTAAGCCCTCCAA-3’

Optimal hybridization

Melting temperatures temperature

Medium salt  Medium salt buffer Low salt buffer High salt buffer with

buffer with FA with FA urea/FA
OI|gac;]r;lf)cl:Leec(>jt|de RNA _(lz_:rzlrélgment RNA _(I:_:r?%?ment RNA _ﬁ:_:r?o%?ment 16rRNA T, (°C)
HP_21DNA PO 64 69 68 -
~ HP_18LNA PO -85°C -85°C  >85°C 57
HP_18LNA_PS >85 °C 79 78 57
HP_18LNA/20Me_PO >85 °C >85 °C >85 °C 58
HP_18LNA/20Me PS >85 °C >85 °C >85 °C 58
HP_15LNA PO >85 °C 85 78 55
HP_15LNA_PO 2 76 66 65 47
HP_15LNA_PS >85 °C 75 74 43
HP 15LNA PS 2 77 68 67 45
HP_15LNA/20Me_PO >85 °C >85 °C 78 55
HP_ 15LNA/20Me _PS >85 °C 75 72 55
HP_12LNA_PO 85 76 71 43
HP_12LNA_PS 77 67 67 45
HP_12LNA/20Me_PO 85 70 68 55
HP_ 12LNA/20Me _PS 77 68 66 58
HP_10LNA PO 78 69 67 95
HP_10LNA PS 77 68 66 58
HP_10LNA/20Me_PO 79 66 67 37
HP_ 10LNA/20Me _PS 78 63 66 37
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Figure 2.2 - Comparison between hybridization temperature (Th) and melting temperature (Tm) obtained from
the LNA advanced probes studied in this work. A. Representation of the linear regression equations and
correlations values of Ty vs and experimental T, for all LNA advanced probes. The Ty for each probe
corresponds to the optimal Ty obtained in vitro. The T used in this correlation was obtained using the medium
salt buffer with FA. Data are means of two independent experiments. B. Difference between Trand Tw for the
different types of LNA advanced probes used in this study and a value described in the literature for other
studies (LNA ref). Data collected in this work represent the means of two independent experiments and error
bars represent standard deviation.

2.3.3. Effect of the denaturant on hybridization

The effect of urea instead of FA in the hybridization solutions at the optimal temperatures
(defined in Table 2.1) was analysed for all the different probes designed. In average,
hybridizations with urea allowed higher fluorescence intensities compared to those using
with FA (Figure 2.3) as evaluated by both flow cytometry analysis and microscopy.
However, these results were very dependent of the length and nature of the probe.

A more detailed analysis of the fluorescence intensities obtained by flow cytometry
showed that in some probe designs (HP_12LNA_PS, HP_15LNA/20Me_PO,
HP_12LNA_PO, HP_10LNA_PO, HP_10LNA/20Me_PO, HP_10LNA/20Me_PS) the use
of urea led to higher fluorescence values (p<0.05) compared to those obtained when FA
was used (Figure S2A). Nevertheless, when the efficiency of the probe is low this
improvement is not so evident. In a few cases, such as HP_12LNA/20Me _PS, FA leads
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to higher fluorescence intensities than urea. However, for all cases where FA provides
better results than urea, differences are not statistically significant (p>0.05). This analysis
was also performed for the results obtained by microscopy in attached cells. The
beneficial effect of urea in the hybridization is not so obvious with this methodology.
Statistically significant differences for HP_15LNA/20Me_PO and HP_10LNA/20Me_PS
(p<0.05) were observed, but for most probes the increase in fluorescence intensity was
not statistically significant (Figure S2B).
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Figure 2.3 - Analysis of fluorescence intensity in LNA advanced probes using cytometry and microscopy. The
circles filled in blue and the squares filled in green represent the values of fluorescence intensity for each
individual probe using the protocol for cells in suspension analysed by cytometry. The white circles and
squares represent the values of fluorescence intensity for each individual probe using the protocol for attached
cells analysed by Imaged.A.U.F: Arbitrary Units of Fluorescence.

2.3.4. Effect of length on hybridization

The analysis of the efficiency using different combinations of nucleic acid monomers
showed some differences between the lengths of the oligonucleotides (Figure 2.4).

In general, short probes provide higher fluorescence intensities compared to 18 mer
probes in both flow cytometry and microscopy analysis (Figure 2.4A and 4B). Additionally,
if all the conditions were combined the results showed a statistically significant difference
between 10 and 18 mers (p< 0.05) (Figure S3).
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Figure 2.4 - Analysis of fluorescence intensities obtained by flow cytometry and microscopy analysis using
urea and FA buffer in LNA advanced probes. A and B. Analysis of fluorescence intensities for probes of
different length, obtained by flow cytometry (A) and microscopy (B). C-D. Analysis of fluorescence intensities
for probes of different nucleic acid mimics, obtained by flow cytometry (C) and microscopy (D). Data are
means of two independent experiments. A.U.F: arbitrary units of fluorescence.

In LNA designs it was observed a statistically significant difference between 12 and 18
mers (p< 0.05) (Figure S4A). Contrarily, for LNA/2’OMe designs no statistically significant
difference was observed (p= 0.05) (Figure S4B).

2.3.5. Effect of chemical modifications on hybridization

The use of different chemical modifications showed to have implications on the
efficiencies of LNA probes (Figure 2.4C-D). The use of different backbones linkages
showed differences depending of the nucleic acid composition of the probes. For LNA
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probes, PO oligonucleotides had higher fluorescence intensity relative to PS
oligonucleotides in both techniques (flow cytometry and microscopy, Figure 2.4C and
2.4D, respectively). In the case of LNA/2’OMe, PO and PS probes the backbones
linkages, the results showed to be similar (Figure2. 4C and 2.4D).

LNA/2'OMe design allow a similar or increase of fluorescence intensities comparatively to
LNA design (Figure 2.4C and 2.4D). This difference is more evident when individual
probes were studied. For example in FA, 18 LNA/2’OMe_PO probe showed higher
fluorescence intensities comparatively to the 18 LNA probes (p<0.001) (Figure S2A). In
the same buffer, 10_ LNA/2’OMe_PS probe also obtained higher efficiency relatively to
10_ LNA_PS (p=<0.05).

In order to analyse the effect of the number of LNA monomers in probes of the same
length, we designed two different 15 mers probes, LNA_PO_2 and LNA_PS 2. It was
observed that the design LNA_PO2 or LNA_PS 2 had lower fluorescence intensities
compared with the designs with higher number of LNA monomers (p< 0.05) (Figure 2.5).
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Figure 2.5 - Analysis of fluorescence intensities obtained by flow cytometry analysis using urea buffer, using
LNA/DNA 15 mers. Data are means of two independent experiments. ** p<0.01; *** p<0.001.

2.4. Discussion

Despite an increasing number of successful applications of LNA probes in FISH [22-24],
there is an absence of studies that have analysed the impact of different LNA probe
designs in this methodology. The design of probes containing LNA have been extensively

Fontenete S. | 80



Application of locked nucleic acid-based probes in fluorescence in situ

hybridization |  Chapterll

optimized to be used in the antisense area [25-28], but only a few studies have used LNA
for the detection of microorganisms by FISH [29]. Furthermore, the impact of the design of
chimeric LNA probes on detection of bacteria by FISH has not yet been investigated.
Different types of designs were studied: i) LNA/DNA and LNA/2’OMe chimeric probes; ii)
phosphorodiester and phosphorothioates backbones; and iii) probes of different length
(18, 15, 12 and 10 mers). Five main points were addressed: i) how does the targeting
capability of LNA probes change in buffers generally used in vitro in FISH experiments (T,
studies); ii) how do the methodological protocols affect the final results; iii) what type of
denaturant should be used in LNA FISH protocols; iv) what is the appropriate length of
LNA advanced probes for the detection of microorganisms and v) how does the FISH
detection efficiency change as a result of chemical modifications of the probes.

We first analysed the RNA targeting capability of LNA probes by thermal studies. It was
previously shown that the introduction of LNA increases duplex stabilities due to, for
example, increased base stacking [25,30,31]. Several studies have shown that the
addition of LNA raises the T, by 1 to 8 °C against DNA and by 2 to 10 °C against RNA
[32,33]. In our study we observed a similar increase in the T, for LNA/DNA probes (Table
2.1 and S1). For LNA/2°OMe probes we observed that a single LNA substitution is
generally more stabilizing than within DNA strands, which is in agreement with other
studies [13].

To study the changes in T, in similar conditions as used in vitro we used the most
common denaturants in FISH experiments, FA and urea. Previous studies showed that
the effect of FA on the stability of duplexes is mediated through a weakening of the
hydrogen bonds [24,34], thus leading to a drop in T, [35]. The use of FA in medium salt
buffer showed a decrease of 9 °C to 16 °C in T, values that are relatively close to the
ones described in the literature (18 °C). The lower values obtained are probably due to a
specific effect of the LNA monomers in the probes rather than DNA monomers as used in
these previous studies. Contrarily, the use of urea did not as strongly interfere with T, as
FA did. It has been described that urea leads to a decrease of more than 2 °C in T, per
molar concentration increase of urea [36]. Similarly, we observed an increase in the range
of 3 °C to 9 °C in T,, for DNA (Table S1). For the RNA target it was not possible to
determine this effect because all the T,, were above the upper limit of detection (Table
2.1).

The importance of T, determination in FISH studies has previously been discussed by
Fontenete et al. [16]. In this study we proved a moderate correlation between T, and
optimal Ty when similar conditions are used (r=0.59). This value can be explained since it
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was not possible to determine T, values for the same ionic strength of the in vitro studies
in bacteria (values exceed the upper limit of detection). However, the average difference
for the different probes (T,-Tw) was 23.1£7.34 and if each type of probe was analysed
(Figure 2.2B) this values is also correlated well with the values obtained in the study of
Fontenete et al. [16] (Figure 2.2B).

Secondly, the efficiency of LNA probes was analysed through the intensity of fluorescence
in FISH detection of H. pylori. We performed this study using two different FISH
methodologies to understand if the probe efficiencies depend of the type of protocol used.
Our findings for LNA probes design are supported by both methods and therefore we can
argue that these oligonucleotide designs are robust and reliable. In in vitro experiments,
the salt concentration used was based on the Ty, stability studies and the low background
normally obtained with this type of buffers [37]. We tested FA and urea as denaturant in
the hybridization solution. FA has been the preferred solvent to lower the melting point
and Ty in FISH [38-40]. However, previous studies showed that urea could substitute FA
in FISH methodology [6,41]. Nevertheless, these studies did not test different LNA probes
designs. Consequently we intended to study if this effect embraced all types of probe
designs. In general, urea showed a tendency to increase the efficiency of hybridization
(Figure 2.3), and the use of urea in FISH protocols allows a non-toxic approach and an
expected increase in efficiency. Additionally, studies have also showed that the use of
urea does not compromise the specificity and sensitivity of the probes [3,6,28]. Moreover,
Matthiesen et al. has proposed that FA can compete with hydrogen donors and delay the
hybridization, affecting the signal of hybridization [42] .

The optimal Ty (higher intensity fluorescence) obtained depended strongly on the length
of probes (Figure 2.4A-B). Small probes were more efficient. However, the designs used
in this study were specific for H. pylori and were limited to defined lengths and nucleotide
combinations. Consequently the data obtained are not sufficient to formulate a complete
model for the design of LNA/DNA or LNA/2’OMe chimeras. Broader studies applied to
different types of microorganisms using different chemical modifications of probes would
be useful.

The change in efficiency when PS substitutes PO backbones in FISH probes showed to
be dependent of the length of the oligonucleotide. In this specific sequence the use of PS
appeared to decrease signal intensity in some cases (Figure 2.4C-D). In urea buffer this
backbone modification only showed positive influence (p< 0.05) in 15 mer LNA probes
and 10 mer LNA/2’OMe mixmers (Figure S2), thereby confirming our earlier results [3]. In
fact, the main advantage of this type of chemical modification is the reduced susceptibility
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to degradation by serum nucleases and improvement in the efficiency of inhibition in
antisense studies in animal cells [43-45]. In the microbiology area, this is the first
extensive study which combines and analyses different designs of LNA probes with the 2’-
OMe type of chemical modification.

We have further compared the different designs of probes. The use of 22OMe monomers
generally showed to increase the efficiency of hybridization for small probes (Figure 2.4D-
C). It was already proven that LNA substitutions are additive when LNA nucleotide are
spaced by at least two 2’OMe nucleotides [13]. However, for LNA/DNA probes the design
is not so established. Therefore we analysed different designs for 15 mer LNA/DNA
probes. In this specific sequence we observed that LNA and DNA nucleotides should be
alternating (Figure 2.5). The difference between the efficiency of these probes in H. pylori
detection could be explained by the differences observed in the hybridization affinity
(Table 2.1).

2.5. Conclusions

This study presents some start points for the design of LNA probes for microbiology use.
We demonstrated that LNA probes can be used in FISH protocols for suspended or
attached bacteria with similar levels of efficiency. Small LNA probes with 10 mers with
2'0OMe or PS backbones displayed high performance under the conditions tested.

In conclusion, this study suggests some important indications for the design of LNA
probes for FISH applications that can be used to help others authors to start other works
in microbiology research field.
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Abstract

In biological sciences, fluorescence is crucial to study, analyse or diagnose pathologies.
Several techniques, such as fluorescence in situ hybridization (FISH) use fluorescence
staining dyes, however frequently the images obtained in the microscope cannot be
quantified with accuracy by the researcher. The development of innovative digital image
processing programs and tools has been trying to overcome this problem, however the
determination of fluorescent intensity in microscope images still has issues due to the lack
of precision in the results.

This work presents FISHji, a set of new ImageJ methods for quantification of fluorescence
in images obtained by epifluorescence microscopy. As a case study, we used 18 FISH
probes containing locked nucleic acids (LNA) and 2-O-methly RNA (2’OMe) or
deoxyribonucleic acid (DNA), with phosphate and phosphorothioate backbones, in
regards to detect 16S rRNA in bacteria (Helicobacter pylori). These probes were used to
perform FISH in a range of temperatures, in attached and suspension of H. pylori
samples. The captured images of attached bacteria were analyzed by epifluorescence
microscopy and the fluorescence intensities were quantified through three semi-
automated (FISHji 1,2,3) and two automated (FISHji 4,5) tools. The results were then
compared using flow cytometry from bacteria suspension. The results from FISH;ji3, 4 and
5 were analogous in terms of accuracy, specifically the mean correlation between these
methods and flow cytometry data was high and significant.

Hopefully, FISHji will be of broad utility for biologists as well as clinical scientists. FISHji
software, comprehensive documentation of the functionalities, and usage examples, are

freely available for non-commercial use at http:/paginas.fe.up.pt/~nazevedo/.

Keywords: FISH, Locked nucleic acids, image analysis, computational image processing,
ImagedJ
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3.1. Introduction

In science, digital images are a crucial piece of information. The ability to process and
analyze the large volume of images produced by the plethora of microscopy techniques
available raises the need for specialized software tools [1]. Images should be processed
in a systematic and standardized way, such that results are comprehensible and
reproducible. There are a number of commercial and open source image processing tools
available, and the range of implemented functionalities is significant [2-10]. However, the
general purpose of most of these tools hampers domain or application-specific use by
laymen, i.e. it is not straightforward for a researcher to use such general software to
analyze biological images, without understanding the specifics of the image processing
and analysis algorithms. As such, the development of end-user biological image analysis
tools is considered useful, essentially for analyzing fluorescence results obtained by
diagnostic methodologies for microorganisms. These methodologies or techniques use
staining with fluorescent binding dyes which are then visualized using fluorescence
microscopy. In order to have a quantitative analysis of the results, the fluorescence
intensity needs to be accurately measured.

FISH is one of the methodologies in which a quantitative validation of results is required.
This technique has been used as a molecular tool for the analysis and detection of
microorganisms [11]. Since the first application in 1989 by Delong and coworkers [12], this
method has undergone several improvements in order to overcome limitations, such as
low fluorescence intensity [13,14]. This evolution of the method has led to the use of new
types of nucleic acids such as locked nucleic acids (LNA) and 2’-O-methyl RNA (2’OMe)
[14,15]. Other chemical modifications within nucleobases, ribose or deoxyribose and
within phosphate moieties have been also introduced to improve the resistance to
nucleases present in the cells or body fluids [16-18]. In FISH experiments, the evaluation
of the results is based on microscopy, which the quantitative assessment is performed by
the researcher, and is dependent of the observer interpretation [19], or on flow cytometry.
Flow cytometry provides an automated quantitative assessment but requires the use of
expensive equipment and is only applicable for cells in suspension. Therefore,
computerized image processing tools offer the most promising and versatile approach to
minimize costs and overcome the variability of human microscope analysis. Daims et al.,
developed a digital image analysis program (DAIME) especially used for microbial
ecology [20]. Although, DAIME has different features such as analyzing 2D and 3D
microscopy datasets of microorganisms stained by FISH, this program is complex, is
generally used for environmental bacteria [21-23] and no validation studies against flow
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cytometry have been made so for. Imaged is another well-known and publicly available
image processing tool (http://rsbweb.nih.gov/ij/). It has released many plugins and macros

useful to biomedical image processing [24], however, also in this case there are no
comparative studies against flow cytometry to confirm the use of this software in
fluorescence quantification of microscopic images.

This article describes five different methods for the quantification of fluorescent intensity in
microscopic images (named FISHji). As a case study, LNA probes were applied in
different hybridization conditions, and evaluated by microscopy and cytometry
approaches. The biological goal was the detection of 16S rRNA in the clinically relevant
bacterium, Helicobacter pylori. The developed methods are freely available and integrated
in the ImagedJ software package.

3.2. Materials and methods

3.2.1. Workflow of FISHji methods and validation

In this work, three semi-automatic and two automatic FISHji methods were created
(Figure 3.1). To validate these methods, the FISH procedure was performed both in
bacterial suspensions and in attached bacteria. Eighteen LNA probes specifically
designed for H. pylori were used at different temperatures, in order to obtain a large range
of fluorescence intensities. All images obtained by microscopy (attached bacteria) were
analyzed by the five FISHji methods and these results were compared with cytometry data
(bacterial suspensions) hybridized under the same conditions (temperature and buffer).
Afterwards, all results were statistically analyzed and the correlation between each FISH;i
method and flow cytometry was performed. Finally, an extra validation was then
performed using another fluorescence staining procedure (propidium iodide) for the FISH;i
methods.

3.2.2. Fluorescence analysis and FISHji architecture

In terms of operational mode, there are three semi-automatic (FISHji1, FISHji2 and
FISHji3) and two automatic approaches (FISHji4, and FISHji5) (Figure 3.2). For all
methods, the channels of the original RGB (red, green, and blue light) images were
separated in order to analyse the channel where fluorescence is emitted.

The methods consist of three sequential steps: optimization, segmentation and analysis,
and measurement steps. In the optimization module, pixel-based treatments are
performed in order to highlight the regions of interest (ROIs) and allow the removal of
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artefacts. In the segmentation module a default black and white threshold supports cell
segmentation. The ROls are outlined and artefacts are discarded by the command
“Analyse Particles”. The mean fluorescence intensity (MFI) is then calculated as the
average of each ROI (Figure 3.2).

Design of LNA probes

FISH procedure
‘Work temperature range selection

[ |

[ Bacterial suspensions J [ Attached bacteria J

[ Cytometry data ] Image collection by
epifluorescence microscopy

{ FISHji methods developed ]
2

I " . e -
' [ FISHjil ] [ FISHji2 ] { FISHji3 J [ FISHji4 } [ FISH;ji5 ]
|
Validation E \ T ‘
Propidium iodide staining ]

| J

‘ Correlation analysis ‘

| |
- LOW

Figure 3.1 - A general view of this study. Firstly 18 LNA probes were designed and synthesised. FISH was

then performed using these probes in different hybridization temperatures, in attached and suspended
bacteria. The images obtained by microscopy from attached bacteria were analysed and quantified by four
FISHji methods. Subsequently, these results were statistically compared with the data obtained by flow
cytometry from bacteria in suspension. The FISHji methods that obtained high correlation values were then
validated using a standard staining procedure (propidium iodide).
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Figure 3.2 - The schematic workflow of FISHji methods. After microscopic acquisition of the fluorescent
images, the green channel (the wavelength at which the probe fluoresces) was obtained and further analyzed
in order to obtain the MFI. The FISHji methods consist of three steps, optimization, segmentation and analysis
and measurements.

Optimization step: optimization treatments were applied to eliminate possible background defects or/and to
adjust the brightness and contrast features of the corrected image. Segmentation step: for FISH;ji1,2,3, the
ROIs were segmented from the background by manual default black and white threshold, whereas for
FISHji4,5 an automatic threshold was applied by the “Make Binary” option. Analysis and Measurement step:
after segmentation, the ROIs were outlined by the command “Analyze Particles”. Finally, the fluorescence
intensity of each ROl was provided by the option “Measure” in the ROI interface and then the average value
was determined by the “Summarize” command as well as the STD. It should be noted that the overlay of the
ROls with the original image represented by the “Outlined ROIs” images is only to demonstrate the efficiency
of the ROI definition. In real action, this overlay is not necessary. B/C - Brightness and Contrast; LoG -
Laplacian of Gaussian; ROI - region of interest; MFI - mean fluorescence intensity; STD - standard deviation.
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Figure 3.2 (continuation) - For FISHji1, optimization treatments are not applied. In the FISHji2 and FISH;ji3, a
background subtraction based on the “rolling ball” algorithm (radius = 80 pixels) is performed to the green
channel in order to reduce background heterogeneity and the presence of artefacts [25]. In the FISHiji2
method, the obtained image is segmented and further analysed to determine the MFI of the image. In FISH;i3,
the brightness and contrast features of the corrected image are manually adjusted using the “B/C Adjustment”
(Brightness and Contrast) tool to further enhance the foreground. Subsequently, the adjusted image is
thresholded and a binary mask is created. The ROls present in the mask are redirected to the corrected image

and MFI is quantified by the ROl manager interface.

In the automatic FISHji4 and FISH;ji5 methods, the corrected image is convoluted using a
Laplacian of Gaussian (LoG) filter (9x9 kernel) [26]. In the FISH;ji5 method, an automatic
B/C adjustment of the corrected image is performed before the convolution. First, a B/C
adjustment based on the image’s histogram is automatically applied and then the
convolution step was performed. In addition, the binary operation “Fill Holes” is applied to
fill intra-aggregate spaces and maintain ROI integrity, providing an optimal binary
mask.These optimization steps (except “Rolling Ball”) change the real pixel values of the
image, including the ROIs. So, a duplicated image is taken from the corrected image in
order to allow enhancement of foreground pixels without compromising MFI quantification.
After segmentation, the ROIs defined by the binary mask are redirected to the duplicated
image, and only then the MFI is calculated. Thus, the MFI is determined from the real
pixel values of the Corrected Image, outlined by the binary mask overlay.

All FISHji methods were implemented as macros in Imaged (version 1.490 or higher). The
analysis parameters were set as 100-600 pixels for the minimum and maximum valid
object size (i.e. pixel’2) and 0.1-0.7 for the range of circularity (i.e.
4*pi*(area/perimeter’2). These values were established by experimental trials, and taking
into account the real size and shape of the bacterium. Images were not calibrated since all
had the same resolution (1392x1040 cm). FISHji4 and FISHji5 macro can be found on the
webpage: http:/paginas.fe.up.pt/~nazevedo/

3.2.3. Overlap index

Overlap index Q is a measure of activating regions' spatial overlap and symmetry. This
value was determined using two different edges (image processing technique for finding
the boundaries of cells within images detecting discontinuities in brightness): the defined
by the Imaged method and the manual one as the ground truth [27]. After obtaining the
binary images of each ROI using ImagedJ, a Matlab® script (data not shown) was
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developed to overlap the images and subsequently to calculate the overlap index Q

according to the following equation [28]:

TP
~ TP+FP+FN (1)

where TP is the true positive area, FP is the false positive area of the ROl and FN is the
false negative area or background of the ROI.

3.2.4. Oligonucleotide probe design and synthesis

LNA oligonucleotides (DNA/LNA and LNA/2’-OMe RNA chimeras with phosphates (PO) or
phosphorothioates (PS) backbones (Table 3.1) were designed based on previous reports
[29,30]. Oligonucleotides were prepared as described previously [31]. LNA and 2’OMe
monomers were purchased from Exigon and Ribotask

(Copenhagen, Denmark)

(Langeskov, Denmark), respectively.

Table 3.1 - Probe sequences used in this study. LNA nucleotide monomers are represented with L
superscript, 2-OMe-RNA monomers in boldface letters, DNA nucleotides in capital letters, and
phosphorothioate linkages by the symbol*

Probes analysed

Sequence
(5’-FAM-3’)

HP_18LNA_PO
HP_18LNA_PS
HP_18LNA/20Me_PO
HP_ 18LNA/20Me _PS
HP_15LNA_PO
HP_15LNA_PO_2
HP_15LNA_PS
HP_15LNA_PS_2
HP_15LNA/20Me_PO
HP_ 15LNA/20Me _PS
HP_12LNA_PO
HP_12LNA_PS
HP_12LNA/20Me_PO
HP_ 12LNA/20Me _PS
HP_10LNA_PO
HP_10LNA_PS
HP_10LNA/20Me_PO
HP_ 10LNA/20Me _PS

GA"GA"CT-AA"GC"CC"TC-CT-CC"
G*AL'G*AL'C*TL'A*AL'G*CL'C*CL*T*CL*C*TL*C*CL
G-AGA" CUA "AG C'CCT'CCT'CC
G"*A*G*A"*C*U*A"™*A*G*C-*C*C*T-*C*C*T*C*C
GA"GA"CT"AA"GC'CC'TC'C
GA"GACT-AAGC'CCTC'C
G*AL'G*AL'C*TL'A*AL'G*CL'C*CL*T*CLC
G*AL*G*A*C*TL*A*A*G*CL*C*C*T*CL*C

G-AGA" CUA "AG C'cCT'CC
GL*A*G*AL*C*U*AL*A*G*CL*C*C*TL*C*C
GA'GA'CT-AA'GC'CCt
G*AL‘G*AL‘C*TL‘A*AL‘G*CL‘C*CL

G"AGA" CUA"AG C'CC
G*AL‘G*AL‘C*TL‘A*AL‘G*CL‘C*CL
GA'GA'CT"AA"GC"

G*AL'G*AL'C*TL'A*AL'G*CL

G"AGA" CUA‘"AG C"
GL*A*G*AL*C*U*AL*A*G*CL
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3.2.5. Bacterial strains and culture conditions

H. pylori strain 26695 obtained from the American Type Culture Collection (ATCC 700392,
VA USA) was maintained on trypticase soy agar (TSA) supplemented with 5% (v/v) sheep
blood (Becton Dickinson GmbH, Germany). Single colonies were streaked onto fresh
media every 48 hours and the plates were incubated at 37 °C under microaerobic
conditions. Bacterial density was determined by the dilution of initial culture in water or
saline and the absorbance was measured at 600 nm. All experiments were performed
using bacteria in the same growth phase to avoid differences associated to cell
permeabilization [32].

3.2.6. Hybridization conditions on slides and in suspension by FISH

To validate the FISHji methods, hybridization was assessed by fluorescent microscopy on
slides in attached bacteria and by flow cytometry in bacterial suspensions. All probes from
Table 3.1 were tested at temperatures between 37 °C and 65 °C and the fluorescence
signal was quantified by both cytometry and FISHji methods. For both methodologies
triplicate samples were used. In FISHji measurements we have also analysed nine
images for each sample in order to study the entire sample. FISH in attached and
suspended bacteria was performed as described in a previous study [31]. The cells were
left at 4 °C until being analysed by cytometry. Probes were tested simultaneously at the
same temperature in both samples types (attached and suspension bacteria), to minimize
experimental variations between both methods (cytometry and FISHij).

3.2.7. Propidium iodide (Pl)

Increasing concentrations of bacteria suspension (500 pL) were mixed with propidium
iodide (PI) (Invitrogen, Eugene, USA) at a concentration of 50 ug/mL. For each
concentration four samples were stained. Bacteria were incubated with Pl for 10 minutes
at room temperature. Afterwards, the samples were centrifuged during 5 minutes at
14 000 rpm and the supernatant was discarded. Then, two of the pellets were
resuspended in water and analysed by microscopy and the other two were resuspended
in saline and analysed by flow cytometry.

3.2.8. Microscope evaluation and quantitative analysis of fluorescence intensity

The slides with attached bacteria were evaluated on a Leica DM LB2 epifluorescent
microscope. For image acquisition, a Leica DFC300 FX camera (Leica Microsystems
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GmbHy, Germany) was used and the exposure time, gain and saturation values were
fixed for all preparations. For image capture, Leica IM50 Image Manager, Image
Processing and Archiving software was used. All experiments were performed in triplicate.

3.2.9. Flow cytometry and data analysis

The analysis of fluorescence intensities obtained by FISH in suspension was performed
by flow cytometry. Flow cytometry analysis was performed using a Beckman Coulter
Epics XL (Brea, USA) using the EXPO32ADC software (Beckman Coulter, Brea, USA)
equipped with a low-power air-cooled 15 mW blue (488 nm) argon laser. For each
sample, 20.000 events were collected. All the experiments were performed in triplicate
and negative controls were included for each temperature in every analysis. Flow
cytometric analyses of samples were performed based on forward scatter, side scatter
and FL-1. Fluorescence was detected on the FL1 channel (BP: 530/30). Amplification was
carried out using logarithmical scales.

3.2.10. Statistical and correlation analysis

Results are compared using one-way analysis of variance (ANOVA) by applying Tukey
multiple-comparisons test, using GraphPad Prism version 5 software (GraphPad Sofware,
San Diego, USA). All tests were performed with a confidence level of 95%.

3.3. Results and Discussion

3.3.1. Comparison between FISHji measurements and quantification by cytometry

In this paper we developed and validated five semi-automatic or automatic fluorescent
intensity quantification methods, called FISHji, capable of quantifying the MFI. The
settings and characteristics of each FISHji method developed are described in Table 3.2.
As ground truth, the MFI of the hybridization experiments was also quantified using flow
cytometry (gold standard method in fluorescence quantification) at the same temperature
as the hybridizations performed in attached bacteria.
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Table 3.2 - Comparisons between the five FISHji methods. The different methods were compared relatively to

these general features

General " " " " "
features FISHji1 FISHji 2 FISH;ji3 FISH;ji4 FISHji5
Operational Semi- . Semi- . Semi- _ Automatic Automatic

mode automatic automatic automatic
Image for : . . . . . Multiple Multiple
analysis Single image  Single image  Single image images images
Analysis speed ~50s ~50s ~ 1min20s 4s 4s
per image
Cell Manual Manual Manual Automatic i
segmentation Threshold Threshold Threshold threshold
Rolling Ball - + + + +
Manual B/C - - + + -
B/C auto - - - - +
LoG - - - + +
Fill Holes - - - - +
A?rﬁgggd Original Corrected Corrected Corrected Corrected

In order to assess which FISHji method provide MFI values closer to the ones obtained by
cytometry, the correlation between results from each FISHji (semi-automatic and
automatic methods) and cytometry was calculated (Table 3.3). The three semi-automatic
methods (FISH;ji 1, FISHji 2 and FISHji 3) present different results when compared to the
cytometry. FISHji1 showed the lowest correlation with flow cytometry (Table 3.3). FISH;ji 2
showed a better correlation than FISHji 1, which suggests that, the performance of the
optimization steps improved MFI quantification efficiency. The FISH;]i3 revealed to be the
best semi-automatic method demonstrating that the application of a B/C adjustment after
subtraction of the background contributed to a more effective MFI quantification.

Nevertheless, semi-automatic methods showed to be very time-consuming when a large
number of samples have to be processed (Table 3.1), and since a routine protocol to
perform fluorescence quantification should be fast and easy to work with, the need for an
automatic method becomes clear. The automatic threshold definition is much more
difficult to perform since one image is never equal to the other. Hence, has emerged the
need for a more suitable and automatic segmentation technique. Previous studies have
used LoG convolution to automatically enhance ROls from the background with good
outcomes [33]. Herein, FISHji4 was designed in which this approach was used to do both
smoothing and edge detection. A high correlation between our plugin results and flow
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cytometry analysis for the automatic FISHji4 was observed (Table 3.3). However the
correlation factor is lower comparatively to the semi-automatic FISHji3. This result might
have been influenced by cells from aggregates that were selected and subsequently
counted due to the elevated sensibility of the convolution (Figure 3.2). Further, artifacts
are not possible to discard in the ROl manager.

Table 3.3 - Comparison between each FISHji method values and flow cytometry data.

Measurements FISH;ji 1 FISHji 2 FISHji 3 FISHji 4 FISHji 5
0 0.46 0.51 0.54 0.63 0.62
Correlation

coefiiciont (pvalue) +  0-456(<0.0001)  0.751(<0.0001)  0.819(<0.0001) 0.723(<0.0001) ~0.717(<0.0001)

*Flow cytometry is used as a ground truth for calculating the correlation coefficient and the p-value

In an attempt to increase the automatic performance, a fifth method was designed
(FISHji5) specifically to blurred regions after subtracted background, thereby connecting
nearby cells (i.e. belonging to aggregates) and subsequently impairing the
aforementioned problem. A high correlation between FISHji 5 and flow cytometry was also
observed (Table 3.3). Contrary to expected, no significant differences emerged between
both automatic methods. Visual image analysis allowed to conclude that the influence of
aggregates in the present study was overestimated and auto B/C adjustment in ROIs with
high fluorescence intensity increased the area of analysis, selecting false positive regions.
The results obtained for the correlation coefficient for FISHji 3, 4 and 5 are shown in detail
in Figure 3.3. The average Pearson product moment correlation coefficient from all our
biological repeats show a high level of correlation between the FISHji results and
cytometry analysis, r=0.819 (0.733-0.880) in FISH;i3.

One of the main factors that is influencing the results is the implementation of optimization
steps that reflects on the efficiency of the definition of the edges of the ROI. In order to
verify this influence in the MFI quantification, we calculated the overlap index Q, as a
measurement of the overlap performance between the edges defined by the implemented
methods and the ground truth. This analysis is a commonly used method in several
processing image studies, however it can suffer different adaptations depending on the
purpose of the analysis [34,35]. FISHj1 showed the lowest mean Q, indicating that the
application of optimization steps before image segmentation improved the definition of the
cell. In general, the overlapping results were congruent with the correlation factors for
each method, indicating that the cell definition contributes largely to the MFI quantification.
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Figure 3.3 - Correlation analysis between fluorescence intensity (A.U.F) of LNA FISH obtained by Imaged
method and flow cytometry. A. FISHji 3; B. FISHji4; C. FISHji5. Regression lines are drawn and a high
correlation between both methods was observed for semi and automatic methods in this study. Each data
point consists of two parameters: the X-axis values corresponds to the mean of fluorescence intensity
obtained by cytometry with a specific probe and temperature and the Y-axis values represent the mean value
of fluorescence intensity obtained by FISH;ji in the same conditions

To evaluate whether the choice of the optimization steps and the consequent image
analysed had influence in the MFI quantification, FISH images were re-analysed by the
FISHji4 and FISHji5 methods, however now redirecting the binary mask to the original
image instead of the corrected one. The low correlation coefficients obtained (r= 0.317
and r= 0.231, for FISHji4 and FISHji5, respectively) showed that the use of corrected
images (after optimization steps) is essential in these analysis. Additionally, the original
images can contain many different artefacts and autofluorescence signals that may blur or
omit the real fluorescence value of the cell. The application of the “rolling ball” algorithm to
the original green channel can correct background heterogeneity and eliminate some
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artifacts, contributing to a more realistic MFI quantification when compared to the
cytometry. Therefore, the choice of the analyzed image showed to be a major point in the
MFI quantification, whereas the application of optimization steps before thresholding takes
a relevant part in the efficiency of the definition of the cell, contributing in a smaller scale
to the MFI quantification performance.

We also evaluated the influence of hybridization temperature in FISHji methods. Although
there were differences between different hybridization temperatures, overall, the
correlation coefficients were higher than those in the global analysis. As an example, we
showed in Figure 3.4 the results for hybridization performed at 45 °C and 55 °C for
FISHji3. In both cases we observed a high correlation r= 0.990 (0.724-0.990) for 45 °C
and r= 0.907(0.647-0.978) for 55 °C. This suggests that the lower correlation values
obtained for the FISHji3 using the entire set of data might also be due to some

experimental variation.

45 °C 55 °C
201 40

= 15 1 % = 30
2 2
2 10- 2 20 %
o o
g g

4 4 A
g 1z y=0.3806x + 3.8586 g 10 y=0.4764x+5.7035

r=0.990 r=0.907
0 T T T T 1 0 T T T 1
0 10 20 30 40 50 0 20 40 60 80
Cytometry (A.U.F) Cytometry (A.U.F)

Figure 3.4 - Analysis of correction between fluorescence intensity (A.U.F.) obtained by FISHji3 method
against fluorescence intensity (A.U.F.) obtained by flow cytometry, using hybridization temperatures. A. 45 °C;
B. 55 °C. Regression lines are drawn and the r is displayed for each data comparison.

Because FISH;ji3 is a semi-automatic method, it requires manual definition of a threshold
by the operator. In order to evaluate the influence of different operators in MFI
quantification, two different operators have quantified the MFI of the same images. Our
results (Figure 3.5) did not show statistically significance differences between the MFI
values determined by each operator (p>0.05). The same results were obtained for FISH;ji1
and FISH;ji2 (Figure S5).
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Figure 3.5 - Variability test between operators in FISHji 3.Fluorescence intensity was quantified for 6 images
from 6 different experiments. Each image was independently analysed by each operator. Differences were
observed between operators A and B were statistically non-significant (p = 0.05). A.U.F.: Arbitrary units of

fluorescence.

While FISHji3 shows higher correlation with cytometer and is operator-independent for
threshold, automatic methods FISH;ji4 or FISHji5 could be the key to development of a
routine analysis for multiple FISH images. In this sense, automatic quantification without
the need of expensive equipment (such as cytometer) would be recommended.
Comparisons between FISH;ji3, FISHji4 and FISHji5 showed high levels of correlation in
both cases (Figure 3.6), suggestion that both FISHji4 and FISHji5 offer the ability to
automatically analyze considerable amounts of image data.

A B
604 509
= 401
S g0 >
s' 40 =
> s 30
= 204
@B 0 =
= 2 z
y=1.364x +0.05596 = 10 y = 1.006x + 0.03803
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Figure 3.6 - Correlation between fluorescence intensity obtained by the best semi-automatic method (FISH;i3)
against fluorescence intensity (A.U.F.) obtained with automatic methods FISHji4 (A) and FISH;ji5 (B). A.U.F.:
Arbitrary units of fluorescence.
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In the present study, the main cornerstone of fluorescence intensity quantification was cell
segmentation (i.e. definition of the ROIs). Indeed, segmentation can be very difficult due
to the complexity of original images, represented by combination of different features like
(1) autofluorescence; (2) background heterogeneity; (3) presence of non-cell objects and
aggregates (herein considered as artifacts). Therefore, a very important issue to take in
consideration when using this tool is the high dependence on image quality [3]. There are
several factors which may interfere with the quality of the images, such as the numeral
aperture (NA) of the objective, filed illumination of the lens, the refractive index of the
embedding medium, use of coverslip, stability of the light source, the ratio between
emission and excitation wavelength, amongst others [36]. Therefore, we always used the
same settings in the microscope for every experiment to minimize these factors. Although
all parameters associated with the image collection were kept constant, such as
exposures times, illumination and focus, it was impossible to guarantee that the
fluorescent lamp would produce the same light intensity during the whole of the

experiments.

3.3.2. Correlation between FISHji measurements and quantification by cytometry using
Pl staining

In order to address the use of FISHji methods in measuring fluorescence obtained by
means other than FISH, we performed the staining of H. pylori samples with Pl. Therefore,
we analysed the same sample by microscopy (and consequently the fluorescence
intensity by FISHji 3, 4 and 5 methods) and cytometry. All the parameters were
maintained in relation to the previous study. Our results (Figure 3.7) showed that there is
a high correlation with the FISHji3 method r=0.981(0.8690 to 0.9972), with high
significance (p < 0.0001). The analysis with the automatic methods also showed high
correlation r=0.934(0.6137 to 0.9906) and r=0.902(0.4650 to 0.9856) for FISHji4 and
FISH;i5, respectively.

These results prove that FISHji could be used for any type of fluorescence procedures
and that the correlation coefficients can be even higher for more reproducible
experimental procedures. For that reason, we can conclude that a higher correlation
relatively to the FISH experiments was probably due to several factors which interfere with
signal fluorescence in this type of technique. It is already know that fluorescence is a
complex phenomenon controlled by many external factors [37]. In fact, small FISH
variations could happen during the experimental procedures which cannot be controlled.
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Figure 3.7- Correlation between FISHji measurements with quantification by cytometry using propidium
iodide (PI) staining. Fluorescence quantification was performed in the red channel. A: FISH;i3; B: FISHji4; C:
FISH;ji5. A.U.F.: Arbitrary units of fluorescence.

3.4. Conclusion

Here we present FISHji methods to quantify fluorescence in images from biological
samples obtained by microscopy.

We show that the semi-automatic FISHji3 and automatic FISHji4 and FISHji5 have high
accuracy in different settings such as FISH and Pl staining.

Since automated methods are able to simultaneously analyse multiple images and are
faster, we provide an easy and freely available access to FISHji4 or FISH;ji5 for non-

commercial use at http://paginas.fe.up.pt/~nazevedo/.

Fontenete S. | 107



FISHji: new ImagedJ macros for the quantification of fluorescence in

. ; Chapter Il
epifluorescence images

3.5. References

1. Wiesmann V., Franz D., Held C., Munzenmayer C., Palmisano R., Wittenberg T. Review of free
software tools for image analysis of fluorescence cell micrographs. J Microsc (2015); 257:
39-53.

. Collins T.J. Imaged for microscopy. Biotechniques (2007); 43: 25-30.

W N

. Hartig S.M. Basic image analysis and manipulation in ImagedJ. Curr Protoc Mol Biol (2013);
Chapter 14: Unit14 15.

4. Shivanandan A., Radenovic A., Sbalzarini I.F. MosaiclA: an ImageJ/Fiji plugin for spatial pattern

and interaction analysis. BMC Bioinformatics (2013); 14: 349.

(¢

. Winter P.W., Shroff H. Faster fluorescence microscopy: advances in high speed biological
imaging. Current Opinion in Chemical Biology (2014); 20: 46-53.

»

. Cordelieres F.P., Bolte S.Chapter 21 - Experimenters' guide to colocalization studies: Finding a
way through indicators and quantifiers, in practice. In: Jennifer CW, Torsten W, editors.
Methods in Cell Biology. (2014): Academic Press. pp. 395-408.

. Winter P.W., Shroff H. Faster fluorescence microscopy: advances in high speed biological
imaging. Curr Opin Chem Biol (2014); 20: 46-53.

8. Dorn J.F., Danuser G., Yang G.Computational Processing and Analysis of Dynamic

~

Fluorescence Image Data. In: Kevin FS, editor. Methods in Cell Biology. (2008): Academic
Press. pp. 497-538.

9. Cohen A.R. Extracting meaning from biological imaging data. Molecular Biology of the Cell
(2014); 25: 3470-3473.

10. van Teeffelen S., Shaevitz J.W., Gitai Z. Image analysis in fluorescence microscopy: Bacterial
dynamics as a case study. BioEssays (2012); 34: 427-436.

11. Amann R.l., Krumholz L., Stahl D.A. Fluorescent-oligonucleotide probing of whole cells for
determinative, phylogenetic, and environmental studies in microbiology. J Bacteriol (1990);
172: 762-770.

12. DeLong E.F., Wickham G.S., Pace N.R. Phylogenetic stains: ribosomal RNA-based probes for
the identification of single cells. Science (1989); 243: 1360-1363.

13. Amann R.l., Ludwig W., Schleifer K.H. Phylogenetic identification and in situ detection of
individual microbial cells without cultivation. Microbiol Rev (1995); 59: 143-169.

14. Kubota K., Ohashi A., Imachi H., Harada H. Improved in situ hybridization efficiency with
locked-nucleic-acid-incorporated DNA probes. Appl Environ Microbiol (2006); 72: 5311-
5317.

15. Cerqueira L., Fernandes R.M., Ferreira R.M., Carneiro F., Dinis-Ribeiro M., Figueiredo C., et al.
PNA-FISH as a new diagnostic method for the determination of clarithromycin resistance of
Helicobacter pylori. BMC Microbiol (2011); 11: 101.

16. Yamamoto T., Nakatani M., Narukawa K., Obika S. Antisense drug discovery and development.
Future Med Chem (2011); 3: 339-365.

Fontenete S. | 108



FISHji: new ImagedJ macros for the quantification of fluorescence in

. ; Chapter Il
epifluorescence images

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29

30

31.

32

Elayadi A.N., Braasch D.A., Corey D.R. Implications of high-affinity hybridization by locked
nucleic acid oligomers for inhibition of human telomerase. Biochemistry (2002); 41: 9973-
9981.

Bell N.M., Micklefield J. Chemical modification of oligonucleotides for therapeutic, bioanalytical
and other applications. Chembiochem (2009); 10: 2691-2703.

Konsti J., Lundin J., Jumppanen M., Lundin M., Viitanen A., Isola J. A public-domain image
processing tool for automated quantification of fluorescence in situ hybridisation signals. J
Clin Pathol (2008); 61: 278-282.

Daims H., Lucker S., Wagner M. daime, a novel image analysis program for microbial ecology
and biofilm research. Environ Microbiol (2006); 8: 200-213.

Stoecker K., Dorninger C., Daims H., Wagner M. Double labeling of oligonucleotide probes for
fluorescence in situ hybridization (DOPE-FISH) improves signal intensity and increases
rRNA accessibility. Appl Environ Microbiol (2010); 76: 922-926.

Hatzenpichler R., Lebedeva E.V., Spieck E., Stoecker K., Richter A., Daims H., et al. A
moderately thermophilic ammonia-oxidizing crenarchaeote from a hot spring. Proc Natl
Acad Sci U S A (2008); 105: 2134-2139.

Weber S.D., Ludwig W., Schleifer K.H., Fried J. Microbial composition and structure of aerobic
granular sewage biofilms. Appl Environ Microbiol (2007); 73: 6233-6240.

Schneider C.A., Rasband W.S., Eliceiri K.\W. NIH Image to Imaged: 25 years of image analysis.
Nat Methods (2012); 9: 671-675.

Sternberg S.R. Biomedical Image Processing. Computer (1983); 16: 22-34.

Chen J.S., Huertas A., Medioni G. Fast Convolution with Laplacian-of-Gaussian Masks. |IEEE
Trans Pattern Anal Mach Intell (1987); 9: 584-590.

Hogeweg L., Sanchez C.I., de Jong P.A., Maduskar P., van Ginneken B. Clavicle segmentation
in chest radiographs. Medical Image Analysis (2012); 16: 1490-1502.

Gerig G., Jomier M., Chakos M.Valmet: A New Validation Tool for Assessing and Improving 3D
Object Segmentation. In: Niessen W, Viergever M, editors. Medical Image Computing and
Computer-Assisted Intervention — MICCAI 2001. (2001): Springer Berlin Heidelberg. pp.
516-523.

. Kumar R., Singh S.K., Koshkin A.A., Rajwanshi V.K., Meldgaard M., Wengel J. The first

analogues of LNA (locked nucleic acids): phosphorothioate-LNA and 2'-thio-LNA. Bioorg
Med Chem Lett (1998); 8: 2219-2222.

. You Y., Moreira B.G., Behlke M.A., Owczarzy R. Design of LNA probes that improve mismatch
discrimination. Nucleic Acids Res (2006); 34: e60.

Fontenete S., Guimaraes N., Leite M., Figueiredo C., Wengel J., Filipe Azevedo N.
Hybridization-based detection of Helicobacter pylori at human body temperature using
advanced locked nucleic acid (LNA) probes. PloS one (2013); 8: e81230.

. Bottari B. E.D., Gatti M., Neviani E. FISH in Food Microbiology. In: Liehr T, editor.(2009).

Berling: Springer-Verlag.

Fontenete S. | 109



FISHji: new ImagedJ macros for the quantification of fluorescence in Chapter Il
epifluorescence images P

33. Haidekker M. Advanced Biomedical Image Analysis.(2010): Wiley. pp. 528.

34. Zaidi H., Abdoli M., Fuentes C.L., El Naga .M. Comparative methods for PET image
segmentation in pharyngolaryngeal squamous cell carcinoma. Eur J Nucl Med Mol Imaging
(2012); 39: 881-891.

35. Zou K.H., Warfield S.K., Bharatha A., Tempany C.M., Kaus M.R., Haker S.J., et al. Statistical
validation of image segmentation quality based on a spatial overlap index. Acad Radiol
(2004); 11: 178-189.

36. Kumar G. Z.R.M. Fluorescence In Situ Hybridization (FISH) Imaging. In: Dako, editor.
Immunohistochemical Staining Methods Education Guide.(2013).

37. Tanke H.Fluorescence microscopy for quantitative fluorescence in situ hybridization analysis.
In: Andreeff M. PD, editor. Introduction to Fluorescence In Situ Hybridization: Principles

and Clinical Applications. (1999): Wiley-Liss

Fontenete S. | 110



3
%ﬁzpz‘er I
\

Mismatch discrimination in Fluorescent in situ

hybridization using different types of nucleic acids






Appl Microbiol Biotechnol (201 5) 99396 | -3 %%
DAL 10 R T2 53-0] 5-638094

APPLIED GENETICS AND MOLECULAR BIOTECHNOLOGY

Mismatch discrimination in fluorescent in situ hybridization using
different types of nucleic acids

Silvia Fontenete'*7 - Joana Barros'” - Pedro Madureira*® - Céu Figueiredo™ -
Jesper Wengel” - Nuno Filipe Azevedo'

Received: 20 August 2014 fRevised: 7 November 2014 fAccepted: 8 November 2004 /Published online: 21 January 2015
" Spnnger-Verlag Berlin Hesdelberg 2015

ABSTRACT

In the past few years, several researchers have focused their attention on nucleic acid
mimics due to the increasing necessity of developing a more robust recognition of DNA or
RNA sequences. Fluorescence in situ hybridization (FISH) is an example of a method
where the use of these novel nucleic acid monomers might be crucial to the success of
the analysis. To achieve the expected accuracy in detection, FISH probes should have
high binding affinity towards their complementary strands and discriminate effectively the
non-complementary strands.

In this study, we investigate the effect of different chemical modifications in fluorescent
probes on their ability to successfully detect the complementary target and discriminate
the mismatched base pairs by FISH. To our knowledge, this paper presents the first study
where this analysis is performed with different types of FISH probes directly in biological
targets, Helicobacter pylori and Helicobacter acinonychis. This is also the first study where
unlocked nucleic acids (UNA) were used as chemistry modification in probes for FISH
methodologies.

The effectiveness in detecting the specific target and in mismatch discrimination appears
to be improved using locked nucleic acids (LNA)/2’-O-methyl RNA (2’OMe) or peptide
nucleic acid (PNA) in comparison to LNA/DNA, LNA/UNA or DNA probes. Further, the use
of LNA modifications together with 2’OMe monomers allowed the use of shorter
fluorescent probes and increased the range of hybridization temperatures at which FISH

would work.

Keywords: FISH, probes, nucleic acids, microbiology, mismatch discrimination
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4.1. Introduction

It has been shown that fluorescent in situ hybridization (FISH) is a very sensitive and
specific method for microbial identification in clinical, industrial and environmental samples
[1-3]. The success of this methodology relies on the specificity of oligonucleotide
sequences to their complementary target. Ideally, oligonucleotides should hybridize with
fully-complementary DNA or RNA sequences and fail to hybridize with sequences that
contain one or more mismatches [4]. However, it has been shown that for DNA sequences
this discrimination is often difficult to achieve [5]. More recently, other types of synthetic
nucleic acids such as peptide nucleic acid (PNA) and locked nucleic acids (LNA) have
been used in FISH with very promising results [6-11]. To understand the specificity of
these novel molecules towards DNA and RNA, several thermal dissociation studies have
been conducted to analyze the effects of mismatches on duplex stability [4,12,13].
However, this type of analysis has always been performed with naked DNA in standard
chemical solutions. Therefore it is not necessarily predictive of what occurs during a FISH
procedure in which a chemically modified probe hybridizes to rRNA within a cellular
microenvironment [14].

In here, we evaluate the mismatch discrimination potential of different types of DNA/RNA
mimics used frequently in the literature for FISH, such as PNA, LNA and 2’-O-methyl RNA
(2OMe), and also of a molecule that has not been previously used in FISH, named
unlocked nucleic acids (UNA). Mismatch discrimination was assessed both by thermal
dissociation studies and in FISH experiments. As a case study, we tested the
discrimination of the sequences for two closely-related Helicobacter spp., Helicobacter
pylori and Helicobacter acinonychis [15,16]. In fact, our group has been focused on the
development of several FISH methodologies to detect Helicobacter species, namely using
peptide nucleic acids (PNA) [7,9,17], locked nucleic acids (LNA) and 2’-O-methyl RNAs
(2’OMe) [18]. The novel probes were purposely designed for a specific and conservative
region in the 16S rRNA of H. pylori that is also present, with a single mismatch, in
Helicobacter acinonychis (H. acinonychis). Therefore, we evaluate how a single mismatch
in the DNA or RNA target influences the hybridization stability and also report on the
ability of different probes to discriminate between H. pylori and H. acinonychis, at a large

range of temperatures.
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4.2. Materials and methods
4.2.1 Probe design

For mismatch discrimination, it was necessary to find a sequence which was identical
within the two Helicobacter species with the exception of a single nucleotide. The 16S
rRNA target region was selected based on a search conducted at the 16S rRNA database
of the Ribosomal Database Project Il (RDP-II), version 10 (http://rdp.cme.msu.edu/) The
ribosomal sequence 5-ATTACTGGAGAGACTAAGC-3’, which allowed the detection of H.
pylori, was selected. The 16S sequence of H. acinonychis is similar except for the G
(underlined) that in H. acinonychis is an A. We used different types of nucleic acids
targeting H. pylori: LNA, 2’0OMe, unlocked nucleic acid (UNA), PNA and DNA (Table 4.1).
Different designs of oligonucleotide probes were tested to find the best discrimination
possible based on earlier published criteria to improve mismatch discrimination [13,19-23].
As DNA has a restricted flexibility of oligonucleotide design, only one probe was designed
(Table 4.1). The length of this probe was selected based on the analysis of the Gibbs free
energy (AG°), which, according to Yilmaz et al. [24], must be lower than -13.5 kcal/mol.
The probe used in this study has a AG° of -16.63 kcal/mol. Similarly, PNA also has a
restricted flexibility of probe design as PNA cannot be mixed with nucleotide monomers
like DNA, LNA or UNA. In this case, and because there are no guidelines related to the
minimum AG°, we based our design on our extensive experience in working with these
probes [7,9,17]. In contrast, LNA, 220OMe and UNA bases can be positioned anywhere
within an oligonucleotide sequence, which means that the design is much more flexible
and that probe fine-tuning is possible [22]. As a general rule, these probes were designed
with a triplet of LNA-modified nucleotides positioned at the center of the mismatch site to
improve the discrimination [13,22]. The use of a higher density of LNA residues in each
probe is another important parameter to improve mismatch discrimination [22]. In the case
of HyP_LNA/2’OMe probes (1 and 2) (Table 4.1), every second base was LNA-modified
as previously reported [25].
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Table 4.1 - Sequence of the different oligonucleotide probes used in the present study. LNA nucleotide
monomers are represented with L superscript, 2'-OMe-RNA monomers are represented with m superscript,
DNA monomers are represented with italic and with d, and UNA monomers are represented with u and in

boldface letters

Name Sequence (5’FAM-3’)
HyP_DNA d(TTACTGGAGAGACTAAG)
HyP_PNA CTGGAGAGACT
HyP_LNA/UNAT1 T"G'UGA"G"AuGAC"
HyP_LNA/UNA2 C'T'uGG'A"G'A'GuAC'T"
HyP_LNA/UNA3 C'T"GUGA"G"AuGA"C'T"
HyP_LNA/2’0OMef U"G'G"A"G"A"G-A™C™
HyP_LNA/2’0OMe2 C"U'G"G"A'G"A"G-A"C™U"
HyP_LNA/DNAT1 T-dGG-dAG-dAG"dAC"
HyP_LNA/DNA2 C dTdGAdGA "G -A"dGdAdCT"

4.2.2 Probes synthesis and purification

The DNA oligonucleotide (HyP_DNA) attached to fluorescein phosphoramidite (FAM) was
purchased from Sigma-Aldrich (St. Louis, USA). The PNA (HyP-PNA) probe was
synthesized by Panagene (Daejeon, South Korea) and the probe N terminus was
attached to an FAM molecule via a double 8-amino-3,6-diaxaoctanoic acid (AEEA) linker.
Both probes were HPLC purified to reach a purity of >90%.

The remaining probes were synthesized on an Expedite DNA synthesizer (PerSpective
Biosystems Expedite 8909 instrument) using standard phosphoramidite chemistry in 1.0
umoL scale. The synthesized probes were deprotected and cleaved from the solid support
by treatment with 32% (v/v) aqueous ammonia solution for 12h at 55 °C (UNA1_HPy,
UNA2_HPy, UNA3_HPy, LNA1_HPy and LNA2_HPy probes) or with 98% (v/v) aqueous
methanol/ammonia solution 7 N in methanol (1:1) for 2 h at RT, followed by an incubation
with 32% (v/v) aqueous ammonia solution for 12 h at 55 °C (22OMe1_HPy and
2'0OMe2_HPy probes). DNA and LNA monomers are commercially available from Proligo
Reagents and Exigon (Copenhagen, Denmark), respectively. UNA and 220OMe monomers
are commercially available from Ribotask (Langeskov, Denmark). All probes were purified
by reversed phase HPLC (RP-HPLC) and characterized by lonExchange HPLC conditions
(IE-HPLC) on a Dionex system HPLC and matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF). The purified probes were precipitated by
acetone and their purity (>90%) and composition were verified by IE-HPLC and MALDI-
TOF analysis, respectively.
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For thermal denaturation studies, unmodified DNA [HyP_DNA Target: 5-
d(GCTTAGTCTCTCCAGTAAT)-3]7 and RNA oligonucleotides [HyP_RNA_Target: 5'-
r(GCUUAGUCUCUCCAGUAAU)-3] were purchased from Sigma-Aldrich and Integrated
DNA technologies (Leuven, Belgium), respectively. Also, the DNA sequence 5'-
d(ATTACTGGAGAGACTAAGC)-3’' (HyP_DNA_Ref), that was used as a reference in
thermal denaturation studies, was purchased from Sigma-Aldrich.

4.2.3 Thermal denaturation studies

The thermal denaturation studies were performed following published protocols [26,27].
Melting curves of fully-complementary and of one-mismatch containing oligonucleotide
duplexes were recorded on a Perkin Elmer Lambda 35 UV/VIS spectrometer equipment
with a PTP 6 (Peltier Temperature Programmer) element (Massachusetts, USA). One uM
of each strand was used in different types of melting buffers: medium salt buffer with 110
mM Na* (100 mM NaCl, 10 mM NaH,PO, and 0.1 mM EDTA, pH 7.0); low salt buffer with
30% formamide and 10 mM Na*® (10 mM NaCl, 5 mM EDTA, 50 mM Tris-HCI and 30%
(v/v) formamide, pH 7.5); and a high salt buffer with 4 M of urea and 900 mM Na* (900
mM NaCl, 5 mM EDTA, 50 mM Tris-HCI and 4 M of urea, pH 7.5). The medium buffer is a
standard buffer used in this type of studies. The low and the high salt buffers were used to
mimic the buffers used in FISH experiments with bacterial cells. Each sample was mixed
and the resulting complexes denatured by heating to 85 °C during 5 min; samples were
then cooled to the starting temperature of the experiment. Quartz optimal cells with a path
length of 1.0 cm were used. Melting temperatures (T, values) were determined as the
maximum of the first derivative of the thermal denaturation curve (Az vS. temperature for
medium salt buffer and high salt buffer with 4 M urea and A,z vs. temperature low salt
buffer with 30% (v/v) formamide). Absorbance was monitored at 270 nm in the low salt
buffer because of the inherent absorbance of formamide at 260 nm [28]. A temperature
range from 13-15 °C to 80-85 °C and a ramp of 1.0 °C/min were used. Reported T,

values are an average of two measurements within £ 0.5 °C.

4.2.4 Bacterial strains and culture conditions

H. pylori 26695, obtained from the American Type Culture Collection (ATCC 700392, VA
USA) and H. acinonychis strain 90-119, obtained from the Health Protection Agency
Culture Collections (HPA Culture Collections 12686, Salisbury, UK), were subcultured
every 48 h in trypticase soy agar (TSA) supplemented with 5% (v/v) sheep blood (Becton
Dickinson GmbH, Germany) and incubated at 37 °C under microaerobic conditions using
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a GENbox microaer (bioMérieux, Marcy I'Etoile, France). Cell concentration was obtained
by optical density (O.D.) and each initial culture was diluted in saline buffer in order to
obtain a final concentration of 10° total cells/mL.

4.2.5 Optimization of probe hybridization conditions

Different hybridization conditions were used, depending on the nucleic acid composition,
length and chemical nature of each probe. Therefore, we studied a large temperature
range of 25-70 °C in pure cultures of H. pylori. For specificity analysis we tested these
probes for mismatch discrimination using H. acinonychis at temperatures for which probes
showed higher sensitivity. All probes were optimized in FISH standard conditions
(hybridization temperature, salt concentration, pH and formamide/urea concentration). To
optimize the DNA-FISH protocol we used different types of model protocols for DNA-FISH
[29,30] and we performed several adjustments for all steps. After fixation and cell
disaggregation of each suspension (as previously described [18]), an extra
permeabilization step was performed by adding 30 pL lyzozyme (2 mg/mL in 10 mM
Tris/HCI (pH 8)) during 1 h at 37 °C. The fixed cells (100 puL) were resuspended in equal
volume of the hybridization solution (0.9 M NaCl, 20 mM Tris-HCI [pH 7.5], 0.001% (v/v)
SDS, 30% (v/v) formamide and 400 nM of probe) and incubated at different temperatures
for 90 min. Samples were centrifuged at 14000 rpm for 5 min, resuspended in 500 pL of
washing solution (0.64 M NaCl, 5 mM Tris-HCI [pH 7.5], 0.01% (v/v) SDS, pH 7) and
incubated at the same temperature of hybridization for 20 min. Samples were again
centrifuged at 14000 rpom for 5 min and resuspended in saline buffer. To remove
aggregates, samples were filtered by a sterile filter with 10 ym pore size (CellTrics®) and
were directly analyzed using flow cytometry.

The hybridization procedure for the PNA probe was similar to that used for the LNA
probes [9,18] however using a different type of hybridization buffer as described in Table
4.2. The hybridization method in suspension for LNA probes (LNA+DNA, LNA+2’0OMe and
LNA+UNA) was based on procedures described by Fontenete et al. [18].

The ability of the probes to discriminate the mismatch base pairs was then assessed by
fluorescence intensity quantification studies (flow cytometry).
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Table 4.2 - Differences between hybridization buffers used for each type of probe. FA: formamide

Probe Denaturant [NA*] Tris-HCI Others reagents

30% (v/v) FA

HyP_DNA 0.001% (v/v) SDS 900 mM 20 mM -
HyP_PNA 30% (v/v) FA 10 mM 50 mM 0.1%(v/v) Triton-x
HyP_LNA 4 M urea 900 mM 50 mM 10% (v/v) dextran sulphate

5 mM of EDTA

4.2.6 Evaluation of rRNA level

To confirm if the percentage of rRNA is similar in both of Helicobacter species an
universal PNA EUB338 probe (5°'Alexa fluor 488-TGCCTCCCGTAGGA-3’) which
recognized a conserved region of the 16S rRNA in the domain Bacteria [31] was used as
a model probe . FISH experiments were performed as described above for PNA probes at
57 °C. Each experiment was performed in triplicate.

4.2.7 Flow Cytometry and data analysis

Flow cytometry analysis was performed using an EPICS XL flow cytometer containing a
low-power air-cooled 15 mW blue (488 nm) argon laser. Data analysis was performed with
the EXPO32ADC software (Beckman Coulter, Brea, USA). For each sample, 20 000
events were collected. All experiments were repeated in two runs (using three biological
replicates of cultures for each run) and negative controls without probe were included for
each type of protocol in every analysis. Flow cytometric analyses of samples were
performed based on both scattering signals (forward scatter and side scatter) and FL-1.
FAM fluorescence was detected on the FL1 channel (BP 530/30). For all detected

parameters, amplification was carried out using logarithmical scales.

4.2.8 Statistical analysis

Statistical significance was determined by One-way analysis of variance (ANOVA) by
applying the Tukey multiple-comparisons test, using SPSS® statistics 17.0 (SPSS,
Statistical Package for the Social Sciences, Chicago, USA) or Microsoft Office Excel®
(Microsoft Corporation, Redmond, USA). Results were expressed as mean values.
Differences were considered significant when p<0.05.
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4.3. Results

4.3.1 Melting temperature analysis

The T, values for the probes bound to fully-complementary and single-mismatched
targets are shown in Table 4.3 for the DNA target and in Table 4.4 for the RNA target.
Because FISH hybridizations are performed in buffers of various compositions, we used
different types of buffers with different ionic environments (different salt concentrations)
and denaturing agents. In general, we observed an increase of T, at higher salt
concentrated solutions and destabilization in the duplex strands when FA was used. For
probes of similar lengths, LNA/ 2°0OMe displayed the highest thermal stability in all buffers
studied. LNA/DNA probes also allowed the formation of relatively stable duplexes. The
PNA oligonucleotide also showed a high stability in all buffers. The use of UNA monomers
affected negatively the stability of the duplexes, and as such the lowest melting
temperatures in all buffers were obtained for these probes (Table 4.4).

The specificity of the LNA and PNA probes was confirmed by testing their ability to
discriminate against mismatches in single-mismatch DNA and RNA strands (Table 4.3
and 4.4, respectively). Modified probes exhibited better mismatch discrimination than the
DNA oligomers, as confirmed by the higher AT, values. HyP_UNA/LNA probes showed a
high capacity of mismatch discrimination in medium salt buffer (110 mM), and in some
cases no hybridization in the buffers with FA and urea was found with the single-mismatch
strand. LNA/2’0OMe probes had the highest discrimination capacity in the high salt buffer
with 4M of urea, even though HyP_LNA/DNA and PNA probes also presented a strong
specificity for this sequence.

Fontenete S. | 120



Mismatch discrimination in Fluorescent in situ hybridization using different

types of nucleic acids Chapter IV

Table 4.3 - Melting temperatures, T (°C) and mismatch (C>T/U) discrimination temperature difference. ATm
in different buffers for DNA complementary target in 110 mM Na™ buffer 10 mM Na* buffer with 30% (v/v)
formamide and 900 mM Na* buffer with 4 M urea

T., at total [Na*] indicated

110 mM 10 mM 900 mM

Name T AT Tm AT Tm AT
Reference 52.3 6.9 37.4 1.3 56.6 8.2
HyP_DNA 48.9 8.4 33.5 6.9 51.5 8.9
HyP_PNA 64.6 15.3 42.7 16.5 60.9 17.2
HyP LNA/UNA1 17.4 nb 15.3 nb 42 1 nb
HyP_LNA/UNA2 38.5 17.9 21.8 9.7 41.6 21.3
HyP_LNA/UNA3 35.5 14.2 20.5 nb 34.2 14.9
HyP_LNA/2’OMe1 59.1 12.1 47.6 17.3 70.8 10.2
HyP_LNA/2’OMe2 63.51 12.2 51.7 15.5 78.3 13.1
HyP_LNA/DNAT1 575 20.3 44.6 17.3 60.7 13.2
HyP_LNA/DNA2 53.2 15.0 442 21.2 62.0 141

nb: no binding could be detected

Table 4.4 - Melting temperatures, Trm (°C), mismatch (C>T/U) discrimination temperature difference (ATm) and
hybridization temperatures Ty (°C) at which each probe had highest sensitivity and specificity. ATm in different
buffers for RNA complementary oligonucleotide: 110 mM Na* buffer® 10 mM Na* buffer with 30% (v/v)
formamide and 900 mM Na* buffer with 4 M urea

T,, at total [Na"] indicated ?‘éﬁ:.'ﬂf:ﬁl?:
110 mM 10 mM 900 mM 900 mM
Name T ATy T ATy T AT Tu
Reference 49.3 3.3 35.2 5.1 52.6 9.1 -
HyP_DNA 445 | 10.0 | 30.2 | 9.35 | 466 | 9.9 70
HyP_PNA 676 | 13.2 | 446 | 156 | 624 | 11.4 45
HyP_LNA/UNAT 324 | nb | 321 | nb | 359 | 16.8 53
HyP_LNA/UNA2 537 | 13.8 | 38.1 | 15.3 | 59.6 | 13.3 53
HyP_LNA/UNA3 50.7 | 129 | 36.1 | 14.9 | 549 | 13.4 48
HyP_LNA/2’°OMe1 69.4 | 13.3 | 57.8 | 159 | 78.9 | 18.1 60
HyP_LNA/2’°0OMe2 75.4 | 12.8 | 623 | 13.2 | 782 | 17.6 65
HyP_LNA/DNAT1 66.4 | 135 | 542 | 141 | 714 | 115 43
HyP_LNA/DNA2 621 | 12.8 | 47.9 | 144 | 67.4 | 13.9 40

Nb: no binding could be detected
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4.3.2 Mismatch discrimination analysis in bacteria by flow cytometry studies

To analyze the efficiency of the probes in bacterial cells, we tested each probe in a range
of temperatures between 25 and 70 °C measuring the fluorescence signal by flow
cytometry. All FISH conditions used were the standard for each type of oligonucleotide,
therefore we used different buffers depending on whether we were using DNA, PNA or
LNA probes.

The hybridization experiments were first performed with H. pylori as a target, in order to
understand at which temperatures we could obtain a more efficient detection. The optimal
hybridization temperature for each probe was considered as the temperature at which the
hybridization with the microorganism of interest provided the strongest fluorescent signal
and more specificity (weakest signal for the microorganism with the mismatch).

The subsequent experiments analyzed the capacity of mismatch discrimination. As a
result, we performed FISH experiments with each probe in H. acinonychis, which had a
single mismatch in the rRNA comparatively to H. pylori. As an example, Figure 4.1 shows
the results obtained for HyP_LNA/2_OMe1 for both microorganisms at different
temperatures. From Figure 4.1 we conclude that the hybridization temperature where the
fluorescence intensity is higher for H. pylori is 45 °C, whereas this hybridization
temperature for H. acinonychis is 30 °C. This appears to indicate a AT, for this probe of
15 °C, which compares with the AT, of 18.1 °C obtained in the thermal dissociation
studies for the buffer used for LNA probes (900 mM Na+ buffer with 4 M urea). While
these values are not very different, further studies would have to be performed to confirm
that thermal dissociation studies provide an acceptable prediction of differences in
hybridization temperatures between fully-complementary and single-mismatch targets in

FISH experiments.
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Figure 4.1 - The effect of the temperature on the specificity of HyP_LNA/2_OMe1 probe. Histogram showing
the distribution of fluorescence intensity with the temperature in H. pyloriand H. acinonychis.

The results of the FISH experiments for the optimal hybridization temperatures of H. pylori
using the different probes can be analyzed in Figure 4.2. The fluorescence intensity of the
HyP_LNA/2’OMe1 and HyP_LNA/2’OMe2 probes is significantly higher in H. pylori than in
H. acinonychis (p=0.028 and p=0.00, respectively). The difference between the detection
in H. pylori than H. acinonychis is also statistically significant in HyP_PNA (p=0.001). On
the other hand, no statistically significant differences were observed in terms of
fluorescence intensity between the bacteria in study with HP_DNA probe, HyP_LNA/UNA
probes and HyP_LNA/DNA probes (p>0.05).

In the specific conditions used for each experiment, LNA/2’OMe probes showed the
highest fluorescence signal of the probes analyzed. The difference in fluorescence
intensity is statistically significant (p<0.05) between these probes and HyP_LNA/UNA and
HyP_LNA/DNAZ2 probes. However, the PNA probe represents a good alternative for these
types of studies, since it showed a higher sensitivity and specificity at lower hybridization
temperatures. LNA/DNA probes showed distinct results, which were dependent on the
length of the probe. The shorter probe had similar results to the PNA oligonucleotide in
terms of fluorescent intensity; however, the 11 mer oligonucleotide showed a very low
capacity of hybridization with the target. Although the data from the melting behavior of
this probe was very similar to those of the 9 mer LNA/DNA probe, the hybridization in the
bacteria revealed very different results. The same behavior was observed for the
HyP_DNA probe.
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Figure 4.2 - FISH detection of H. pylori and H. acinonychis by cytometry at the optimal hybridization
temperature.  Quantification of the mean fluorescence intensity of each probe in two independent
experiments. The optimal hybridization temperature for each probe is described in Table 4.4. The fluorescent
signal intensity is expressed in arbitrary fluorescent units (AUF). * Difference between H. pylori and H.
acinonychis is statistically significant (p<0.05).

For the evaluation of the rRNA level of each species of Helicobacter, we used EUB338
probe which target both species. It was observed similar gates (percentage of cells
identified by EUB338 probe) and comparable AUF for both bacteria (47.9+9.8 and
45.815.3 for H. pylori and H. acinonychis, respectively). Therefore, there are not
significant differences in rRNA levels between these bacteria.

4.4 Discussion

The detection of microorganisms by FISH has significantly changed with the introduction
of several types of synthetic probes that possess a higher capacity of discrimination and
affinity towards complementary sequences [9,32-36]. Therefore, it is very important to
discuss which type of nucleic acid mimics is more suitable for each specific situation, such
as the recognition of mismatches. To tackle this issue, in this study we analyzed the
performance of different types of probes to discriminate mismatches, not only by thermal
melting analysis of naked nucleic acids, but also for specifically targeting bacterial cells
with a FISH methodology.

To analyze the relationship between different types of probes and specificity we
performed melting studies for all probes with DNA and RNA targets. The use of different
targets is important because even though the FISH methodology is more frequently
described for RNA targets, there are also several studies using modified probes which use
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DNA as a target e.9.[37,38]. In accordance with the literature, a higher T,, was observed
at higher salt concentrated solutions [39]. Higher concentrations of NaCl allow the
repulsion between the negatively charged probes to be increasingly compensated by the
positive counterions. However, this effect is smaller in one-mismatch duplexes because
the two strands are further apart [40]. On the other hand, the use of FA and urea was
expected to allow for the destabilization in the duplex strands leading to lower melting
temperatures [41]. However, this destabilization did not decrease the Tm to the same
extent in the high salt buffer (Table 4.4). As expected, we observed a large difference in
Tm for all probes bound to fully-complementary oligonucleotides versus oligonucleotides
containing one mismatch. The difference between the Tm values for each oligonucleotide
was in agreement with results published earlier [20,42,43]. LNA/ 220OMe and PNA showed
high stability in all buffers, comparatively to LNA/DNA probes. It has already been
demonstrated that LNA and 2°0OMe have different impact on duplex stability, in spite of
sharing a C3-endo sugar pucker conformation [4]. In general we observed an increase of
thermal duplex stability in the following order: HyP_LNA/UNA probes<DNA
probe<HyP_LNA/DNA probes < HyP_PNA = HyP_LNA/2’ OMe probes (Table 4.4).
Usually T, is used as an indication for the hybridization temperature because it is at this
temperature half of the nucleic-acid strands are forming a duplex and the other half are
single stranded [44]. However, the hybridization temperature determined by experimental
procedures in vitro is dependent of all biological parameters and chemical compounds
involved in the hybridization step of a FISH procedure. These factors can be a cause for
the absence of a pattern between these temperatures [45]. In fact, when we compare the
discrimination temperature difference obtained by thermal studies with FISH under the
same buffer conditions (Table 4.4), we can observe that statistically significant differences
may arise (p<0.05). Actually, it is highly unpredictable how each probe will hybridize in
experiments with bacteria, because there are several factors that can affect the efficiency
of the hybridization [14]. For instance, the diffusion through the extracellular membrane
can be different for each probe [46]. Therefore, we used the same standard parameters
for all studied probes and the experiments were performed under presumed optimal
conditions. We have also assessed for the first time the use of HyP_LNA/UNA probes in
FISH experiments. However, our results show that the use of UNA leads to a large
destabilization in the duplex which affects the hybridization in bacteria (Table 4.4 and
Figure 4.2). Therefore the use of UNA modifications in FISH probes may require the use
of longer probes.
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In general, nucleic acid mimics can indeed provide better mismatch discrimination than
standard DNA probes in FISH, as it has been suggested previously [9,40,47,48]. PNA
with a low number of bases can broadly provide a good discrimination. Some studies have
shown that LNA can increase single base mismatch discrimination in bulk solutions [22].
However, the design flexibility in LNA and 2°OMe oligonucleotides appears to indicate that
the better performance should typically be obtained with these probes.

In this study we showed that, the analysis of probes using native targets allows a more
realistic approach as it accounts for all variables that can interfere during the hybridization
process. Methods that use only naked DNA for studying or comparing probes do not
analyze the factors inside the cells that can interfere with the hybridization, e.g. molecular
crowding and the presence of several solutes. As such, when several probes are
compared it is fundamental to analyze this behavior in terms of permeabilization or access
to the target. For example, a molecule can have adequate thermodynamics parameters
but its chemistry may not be compatible with its use in a biological target. Therefore,
approaches that combine naked and native target contribute for a more complete and
realistic study.

4.5 Conclusions

As a final conclusion, both LNA/2’°OMe and PNA probes are able to discriminate
mismatches with a high signal-to-noise ratio, but LNA/2’0OMe probes allow for a greater
flexibility in probe design. Nonetheless, as probe design and optimum hybridization
conditions varies for each type of probe, it is impossible to have an absolute certainty on
which type of nucleic acid is better for mismatch discrimination. As such, for each specific
sequence and mismatch, testing many possible probe designs and hybridization
conditions with probes consisting of PNA and LNA/2’OMe is still advisable. Future work
will focus on reassessing the impact of mismatches in a larger number of microorganisms

which contain different types of cell wall, like Gram positive bacteria and yeast cells.
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ABSTRACT

The understanding of the human microbiome and its influence upon human life has long
been a subject of study. Hence, methods that allow the direct detection and visualization
of microorganisms and microbial consortia (e.g. biofilms) within the human body would be
invaluable. In here, we assessed the possibility of developing a variant of fluorescence in
situ hybridization (FISH), named fluorescence in vivo hybridization (FIVH), for the
detection of Helicobacter pylori. Using oligonucleotide variations comprising locked
nucleic acids (LNA) and 2’-O-methyl RNAs (2’0OMe) with two types of backbone linkages
(phosphate or phosphorothioate), we were able to successfully identify two probes that
hybridize at 37 °C with high specificity and sensitivity for H. pylori, both in pure cultures
and in gastric biopsies. Furthermore, the use of this type of probes implied that toxic
compounds typically used in FISH were either found to be unnecessary or could be
replaced by a non-toxic substitute. We show here for the first time that the use of
advanced LNA probes in FIVH conditions provides an accurate, simple and fast method
for H. pylori detection and location, which could be used in the future for potential in vivo
applications either for this microorganism or for others.

Keywords: FISH, Nucleic Acid Analogs, LNA, Helicobacter pylori
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5.1. Introduction

The human microbiome has long been studied for a better understanding of its influence
upon human development, physiology, immunity, and nutrition [1]. In most of these
studies, microbial identification methods rely on sample collection followed by DNA
isolation and sequencing [2,3]. Despite providing important information on the
communities that inhabit the human body, these methods disrupt the spatial structure of
the sample, meaning that important information about human/microorganism or
microorganism/microorganism interactions might be lost. In addition, the time needed to
process a sample is quite long, making these methods less suitable as a diagnostic
routine. Hence, novel methods which are able to address those shortcomings, by allowing
the direct visualization of microorganisms and microbial consortia (e.g. biofilms) within the
human body and in a short period of time, would be invaluable.

Fluorescent in situ hybridization (FISH) using DNA probes has long been used to rapidly
detect and localize microbial cells in human clinical samples [4,5]. Nonetheless, this
method was never employed to detect microorganisms within the human body (or other
higher-order animals). The emergence of a new variant of FISH, here named as
fluorescence in vivo hybridization of microorganisms (FIVH), has mainly been hindered by
two factors. The first was the lack of suitable systems that were able to detect
fluorescence signals within the human body. This issue has been recently overcome, with
the arrival of medical devices with built-in advanced imaging systems, such as the
confocal endomicroscope that allows an in depth analysis of the mucosa of the stomach
[6] or colon [7]. So far, this device has only successfully allowed the detection of
microorganisms in the human gastrointestinal-tract using non-specific staining methods
[6,8]. The second factor is the lack of control over the FIVH process, as it has to be
carried out under the conditions imposed by the microenvironment where the
microorganism is to be found. For microorganisms present in the mucosa of the human
stomach, for instance, the method would have to be carried out at 37 C and low pH.
Adding to that, DNA probes would have to resist degradation by nucleases [9].

The above-mentioned reasons make it very unlikely for a DNA FIVH method to work, but
the evolution of nucleic acid chemistry allowed the development of chemical variations (of
the nucleobase, sugar and/or phosphate backbones) of nucleic acids that can replace the
DNA as a probe. In fact modified oligonucleotides, such as locked nucleic acids (LNA) or
2’-O-methyl RNA (2'OMe), have been proven to hybridize in vivo with native nucleic acids
with low toxic effects [10-14], and are hence good candidates to develop a successful
FIVH method.
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LNA is a nucleic acid analogue with binding sensitivity and specificity towards
complementary DNA or RNA targets [15]. LNA contains a ribose ring locked by a O2’-C4’-
methylene linkage resulting in a N-type (3-endo) conformation (Figure 5.1) [16,17]. LNA
hybridizes with high affinity toward RNA (and DNA) complementary sequences according
to Watson-Crick base-pairing rules, has high resistance to nuclease degradation (high bio-
stability), is fully soluble in water, and display low general toxicity in animals [13,15,17]. 2’-
O-Methyl-RNA based oligoribonucleotides (2’OMe) (Figure 5.1) constitute another nucleic
acid analogue that is being used as a diagnostic probe in animal cells [18-20]. The 2°0OMe
group induces relatively high affinity towards an RNA target likely due to the Cj’-endo
conformation adopted by 2'OMe ribose sugars [21]. The use of 22OMe monomers
increases probe’s biostability, improves the specificity and the kinetics of hybridization,
and allows targeting under conditions where DNA probes would normally not hybridize
[21]. The introduction of LNA monomers into 2°0OMe probes increases the target affinity
even further due to an additive effect on the melting temperature (T,,) which has been
shown to improve the overall detection yield of an experiment [18,22].

Other types of modifications may also be incorporated to improve the target’s applicability.
For instance, the use of phosphorothioate (PS) oligonucleotides presented some
particularly interesting results in the case of human clinical trials as therapeutic agents for
the treatment of viral infections and cancer [23,24]. The PS monomers include
replacement of one of the two non-bridging oxygen atoms by a sulfur atom at each
internucleotide linkage (Figure 5.1) [25]. These types of oligonucleotides have an
increased resistance to exo- and endonucleases when compared to phosphodiester
oligonucleotides (PO) [26,27], and are particularly suitable for in vivo applications due to
their longer elimination half-life [28].

o | T OCH, | oG
Q=P —10 G:E—S' O=§—D O=P—-3:
Locked nucleic acid Locked nucleic acid [P5) 2'-0-methyl RNA 2'-0-methyl RNA [P 5)

Figure 5.1 - Structures of LNA and 2° O-methyl RNA monomers (phosphate and phosphorothioate structures)

used.
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Taking advantage of recent progress in DNA mimics, the main objective of this work is the
development of a FIVH method for the detection of microorganisms at the human body
temperature (normothermia) using these novel nucleic acid molecules. As a target
microorganism we selected Helicobacter pylori (H. pylor), a Gram-negative and
microaerophilic bacterium that colonizes the stomach of almost half of the human
population and is a major risk factor associated with gastric cancer, the second deadliest
cancer worldwide [29,30].

5.2. Materials and methods

5.2.1. Bacterial strains and culture conditions

All bacterial cultures were grown in trypticase soy agar (TSA) supplemented with 5%
(vol/vol) sheep blood (Becton Dickinson GmbH, Germany) and incubated for 48 hours at
37 °C under microaerobic conditions. Bacterial density was determined by the dilution of
initial culture in water or saline and the absorbance was measured at 600 nm. Initial
protocol optimization was performed with H. pylori strain 26695, obtained from the
American Type Culture Collection (ATCC 700392, VA USA). For testing the specificity and
sensitivity of the probes, other H. pylori strains and Helicobacter spp. were used (Table
5.1).

5.2.2. Oligonucleotide probe design

The 16S rRNA target region was selected based on a previous study [31]. The probe
sequences were designed following guidelines for FISH-probes, including limitation of
purine content to 60% and restriction of self-complementarity to 3 base pairs. Different
types of modified nucleotide monomers were used in the probes (Figure 5.1). The position
and the number of LNA and 2°0OMe substitutions used in each probe were based on
previous reports [32,33]. At the moment, a specific and reliable thermodynamic model to
predict the hybridization temperature is still absent for LNA and 220OMe-RNA. However is
possible to study theoretical melting temperature of each probe through a
2’'0OMeRNA/Calculator online (http://rnachemlab.ibch.poznan.pl/calculatori.php). As such,

it has designed several probes with different sizes to increase the chances of finding one
or more probe(s) working at human body conditions (37 °C). Once the probes were
selected, a search was conducted at the available 16S rRNA databases of Ribosomal
Database Project Il (RDP-Il), version 10 (http:/rdp.cme.msu.edu/) to confirm the
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theoretical specificity and sensitivity of the probe against other microorganisms. For this
analysis, only high quality sequences with more than 1200 bp were selected [34]. It was
found that all probes differed by at least two bases (two mismatches) from non-H. pylori
species.

Table 5.1 - Helicobacter strains tested in this study

Helicobacter spp.

H. pylori strains

26695 (ATCC 700392)
G27 (NCTC 13282)
H. pylori C1-31?
H. pylori CI-116®

Non-pylori Helicobacter strains
H. cinaedi 33221-1.2"
H. mustelae 2H1°

H. salomanis®

H. muridarum 2A5+°
H. pametensis®

H. bilis°

H. canis CIP104753°

- Own isolates
®_Isolate provided by Francis Megraud.
¢- Isolate provided by Jay Solnick

5.2.3. Oligonucleotides synthesis and purification

Oligonucleotides were synthesized under anhydrous conditions using standard
phosphoramidite chemistry using an automated nucleic acid synthesizer (PerSpective
Biosystems Expedite 8909 instrument). LNA and 22OMe monomers were commercially
available from Exigon and Ribotask, respectively. The syntheses were performed in
1.0 umol scale using a universal polystyrene-based support. The synthesis conditions
used for the incorporation of LNA and 220OMe monomers were as follows: trichloroacetic
acid in CH.Cl, (3:97) as detritylation reagent; 0.25 M 4,5-dicyanoimidazole (DCI) in
CH3;CN as activator; acetic anhydride in THF (9:91, v/v) as cap A solution; N-
methylimidazole in THF (1:9, v/v) as cap B solution. As an oxidizing solution 0.02 M iodine
in H.O/pyridine/THF was used for phosphate oligonucleotides. As a thiolation solution
0.0225 M xanthan hydrate in pyridine/CH;CN (20:90, v/v) was used for phosphorothioate
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oligonucleotides. Coupling time was 4.6 min for both monomers. Fluorescein
phosphoramidite, FAM (Glen Research, VA, USA) was added in anhydrous acetonitrile
(0.1 M) and activated by tetrazole with a 20 min coupling time. The stepwise coupling
yields (95-99% per step) were based on the absorbance of the dimethoxytrityl cations
(DMT™) released after each coupling step. The cleavage from the support was carried out
by using 98% aqueous methanol/ammonia solution 7 N in methanol (1:1), 2 h at room
temperature followed by 32% aqueous ammonia solution, 12 h at 55C.

All oligonucleotides were purified by reversed phase HPLC (RP-HPLC) using a Waters
600 system equipped with an XBridge OST C18 (2.5 um, 19x100 mm) column and an
XBridge Prep C18 (5 pum, 10x10 mm) precolumn. After removal of the DMT-group,
oligonucleotides were characterized by ionexchange HPLC (IE-HPLC) using a Dionex
system HPLC (VWR) and by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF) using a Microflex Maldi (Bruker instruments, Leipzig,
Germany). The purified oligonucleotides were precipitated by acetone and their purity
(>90%) and compositions were verified by I|IE-HPLC and MALDI-TOF analysis,
respectively.

Because the probes will target the rRNA of H. pylori, the melting temperature of the
synthetic oligonucleotides was assessed using non-modified oligonucleotides consisting
only of RNA (HP_RNA_ Target), fully complementary to the probes designed here
(purchased from Integrated DNA Technologies). A DNA probe to serve as a reference
probe (HP_DNA_Ref) with a higher number of bases than the LNA and 2’-OMe probes
was purchased from Sigma-Aldrich (MO, USA).

5.2.4. Melting temperature studies

From each strand, 1.0 uM was used in the following buffers: a medium salt buffer with
220 mM Na* (200 mM NaCl, 20 mM NaH,PO, and 0.2 mM EDTA, pH 7.0), a medium salt
buffer with 30% (vol/vol) formamide and a low salt buffer with 30% (vol/vol) formamide
with 110 mM Na* (110 mM NaCl, 5 mM EDTA, 50 mM Tris-HCI and 30% (v/v) formamide,
pH 7.5). After mixing each sample and denaturing the complex by heating up to 85 °C
during 5 min, samples were cooled to the starting temperature of the experiment. Quartz
optimal cells with a path length of 1.0 cm were used. Melting temperatures (T, values/ °C)
were measured on Perkin EImer Lambda 35 UV/VIS spectrometer equipment with a PTP
6 (Peltier Temperature Programmer) and determined as the maximum of the first
derivative of the thermal denaturation curve (Ax Vvs. temperature for medium salt buffer).
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A temperature range from 13-15 °C to 80-85 °C and a ramp of 1.0 °C/min were used.

Reported Tm values are an average of two measurements within £ 1 °C.

5.2.5. Optimization of probe hybridization conditions on slides and in suspension

The hybridization procedures developed to detect H. pylori were performed by FISH and
evaluated by two independent techniques: by fluorescent microscopy on slides (to obtain
a faster but qualitative assessment of the fluorescence signal) and by imaging flow
cytometry sorting in bacterial suspensions (to obtain a quantitative assessment).
Detection of 16S rRNA in slides by FISH was performed mostly as described in Azevedo
et al. [35], with a few modifications. For fixation on glass slides, smears of each
species/strain were immersed in 4% (v/v) paraformaldehyde for 15 min at room
temperature, followed by a treatment of 50% (vol/vol) ethanol for 10 min and allowed to air
dry. The hybridization was performed using 20 pl of hybridization buffer with 200 nM of the
respective probe, which covered each smear individually. Two different types of
hybridization buffer (pH 7.5) were tested: one containing 50% (vol/vol) formamide (Across
Organic, New Jersey, US) and the other 4 M of urea (VWR BHD Prolabo, Haasrode,
Belgium). The following reagents were common to both buffers: 10% (vol/vol) dextran
sulphate (Fisher Scientific, MA, US), 0.1% (vol/vol) Triton-X (Panreac, Barcelona, Spain),
5 mM of EDTA disodium salt 2-hydrate (Panreac), 50 mM Tris-HCI (Fisher Scientificm
New Jersey, US), 900 mM NaCl (Panreac). Samples were covered with coverslips and
incubated for 90 min at 37 °C. Slides were subsequently washed in a prewarmed solution
(pH 10), containing 5 mM Tris Base (Fisher Scientific), 15 mM NaCl (Panreac) and 1%
Triton X (Panreac), for 30 min at 37 °C and then, the slides were allowed to air dry. All
experiments were performed in triplicate and for each experiment a negative control
(same hybridization conditions, but without a probe in the hybridization solution) was
included. Slides were stored in the dark before microscopy analysis. For image acquisition
a Leica 2000 epifluorescence microscope (Leica Microsystems GmbH, Wetzlar, Germany)
was used. FAM-labeling was excited by using a 488 nm laser; the exposure time was
fixed for all preparations. The fluorescence intensity of each probe and sample was
quantified in  the  microscopy images using the Imaged software
(http://rsbweb.nih.gov/ij/index.html) and FISH;ji3 (Chapter Il1).

The hybridization method in suspension was based on procedures described by Almeida
et al. [36], with slight modifications. Each type of bacterium was collected from one TSA
plate with 1 mL of saline and centrifuged at 14 000 x g for 15 min. The pellet was
resuspended in 400 uL of 4% (v/v) paraformaldehyde for 1 hour, followed by
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centrifugation at 14 000 x g for 5 min. The fixed cells were resuspended in 500 pL of 50%
(vol/vol) ethanol and incubated at -20 °C for at least 30 min. For bacteria disaggregation
the samples were subjected to sonication by ultrasounds (Transsonic 420, Elma,
Germany) for 12 min, followed by a filtration through a sterile 10 um pore-size filter
(CellTrics®,Gorliz, Germany). Afterwards, 100 uL of fixed cells were resuspended in
100 uL of hybridization solution (as previously described) with 200 nM of probe and
incubated at 37 °C for 90 min. After hybridization the samples were centrifuged at
14,000 rpm for 5 min, resuspended in 500 pL of washing solution (as described above)
and incubated at 37 °C for 30 min. The cells were again centrifuged at 14 000 x g for 5
min and resuspended in 100 pL of saline. To remove aggregates samples were filtered by
a sterile filter with 10 um pore size (CellTrics®). Samples were used directly for imaging
flow cytometry analysis.

5.2.6. Image Quantification

Using the Imaged program (National Institutes of Health Software), each image obtained
by microscopy was analysed for the mean fluorescence intensity (FISH]i3). Background
values were obtained by measuring a blank region from each image and these were
removed from the test frames. Data was plotted as mean of arbitrary fluorescence units
(AFU) which represented the mean fluorescence intensity minus background intensities.

5.2.7. Imaging flow cytometry and data analysis

H. pylori bacterial cell suspensions stained with FAM-labeled LNA probes, and the
respective unstained negative controls, were analysed in an ImageStream™® (Amnis
Corporation, Seattle WA, USA) imaging flow cytometer equipped with two lasers (488 nm
and 785 nm), a 40x magnification objective of 0.75 N.A, and one CDD camera. Images
acquired using the INSPIRE™ software included a brightfield image (Channel 1, 430-480
nm), and a green fluorescence image (Channel 2, 480-560 nm). During the sample
acquisition, the area feature was used as cell classifier, in the brightfield channel, with a
lower limit of 2, to exclude debris, and an upper limit of 20, to exclude bacterial
aggregates and thus minimize the error in the fluorescence signal intensity that bacterial
aggregates would represent in the data analysis. For each sample, 50,000 events were
collected and two independent experiments were performed. All imagery data was
analysed using the algorithms of IDEAS® v4.0 software (Amnis Corporation). Hierarchical
gating schemes were used to further eliminate bacterial aggregates and to determine the
spot count and the mean fluorescence signal intensity of each bacterial sample.
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5.2.8. Hybridization in gastric biopsies

Formalin-fixed paraffin-embedded biopsies of gastric tissue sections from one patient
infected with H. pylori were used. The use of the biopsy for research purposes was
previously approved by the ethics committee of the Portuguese Institute of Oncology
(IPO) in Porto, and informed written consent was obtained from the patient. Sections were
cut to 3 um thickness, and mounted on microscope glass slides and stored at 4 °C until
use. Slides were immersed twice in xylol for 15 min each time, and then subjected to
rehydration by decreasing concentrations of ethanol (100%, 95%, 80%, 70% and 50%) for
5 min each time. Finally, slides were washed with distilled water for 10 min and allowed to
air dry. Subsequently, the hybridization procedure in slides was used as previously
described using both buffers.

5.2.9. Statistical Analysis

Statistical significance was determined by One-way analysis of variance (ANOVA) by
applying the Tukey multiple-comparisons test, using SPSS statistics 17.0 (SPSS,
Statistical Package for the Social Sciences, Chicago, USA) or Microsoft Office Excel
(Microsoft Corporation, Redmond, CA). Differences in data values were considered
significant at values lower than 0.05.

5.3. Results

5.3.1. Melting temperature behaviour

The initial purpose of this work was to find a type of synthetic oligonucleotide that would
be capable of efficiently hybridizing in a bacterium at human body temperature (37 °C). A
first screening was performed to determine the melting temperature of 18 synthesized
probes (Chapter Il). The hybridization temperature is not only affected by the type of
probe, size and sequence, but also by the amount and type of other substances present in
the hybridization solution. For this reason UV thermal denaturation studies were carried
out in solutions containing not only the probes, but also different salt concentrations and a
denaturing compound (formamide; FA).

After a biophysics analysis comparing melting and hybridization temperatures of the LNA
probes (with different lengths), it was concluded that the hybridization temperature should
be between 15-30 °C lower than the melting temperature measured under similar
conditions (i.e. in the presence of salt and FA) (Chapter Il). Based on this criterion, four
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candidate probes, with melting temperatures ranging between 60-70 °C were selected for
further studies (Table 5.2).

Table 5.2 - Results of thermal denaturation experiments in different types of buffers for different types of
oligoribonucleotides. The DNA oligonucleotide probe reference (Ref) has the following sequence: 5’-
CTGGAGAGACTAAGCCCTCCAA-3'. The RNA complementary oligonucleotide has the following sequence:
5-UUGGAGGGCUUAGUCUCUCCAG-3'. LNA nucleotide monomers are represented with L superscript, 2’
OMe-RNA monomers in boldface letters, DNA nucleotides in capital letters, and phosphorothioate linkages by

the symbol*
Medium salt  Medium salt Low salt buffer
buffer buffer with FA  with FA
RNA RNA RNA
Probes analysed Sequence complement complement complement
Tm (°C) Tm (°C) Tm (°C)
____________ Ref .. . 5-CTGGAGAGACTAAGCCCTCCAA-3' 64 . . .69 _ ... 68 __ .
HP_LNA_PO 5-FAM GA"CT-AA'GC-CC"-3' 78 69 67
HP_LNA_PS 5-FAM G*A" C*T-A*A-G*C-'Cc*Ct-3’ 77 68 66
HP_LNA/20Me_PO 5'- FAM G"ACT-AAG-CCC--3’ 79 66 67
HP_LNA/20Me PS 5'-FAM GFA*C*T-A*A*G-C*C*C--3’ 78 63 66

Thermodynamically, similar results were observed for the phosphate (HP_LNA PO and
HP_LNA/20Me_PO) and phosphorothioate (HP_LNA PS and HP_LNA/20Me_PS)
probes. Phosphorothioate probes (HP_LNA_PS and HP_LNA/20Me_PS) showed only
small differences (only 1°C variation in Tm values) when compared to the respective
phosphate probes, with the exception of HP_LNA/20Me_PS in the medium salt with FA.
Although the number of LNA is higher in HP_LNA_PO and HP_LNA_PS probes (5 LNA
monomers) than in HP_LNA/20Me_PO and HP_LNA/20Me_PS probes (4 LNA
monomers) the only significant differences were observed in the melting temperatures
when medium buffer with FA was used. It should be noted that the different salt
concentration of the salt buffers did not significantly impact the Tm.

5.3.2. FISH detection of H. pylori by fluorescence microscopy

The ability of the selected candidate probes (Table 5.2) to hybridize at human body
temperature (37 °C) was then tested using the FISH method in glass slides. In spite of
having being designed to work at similar melting temperatures, microscopy results have
shown that only the HP_LNA/20Me_PO and HP_LNA/20Me_PS probes were able to
hybridize at 37 °C (Figure 5.2A). Because HP_LNA PO and HP_LNA_PS probes were
only able to hybridize at temperatures higher than 40 °C (as shown in Chapter Il), they
were not considered for further evaluation. One of the components of the hybridization
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solution is FA that acts as a denaturing or destabilizing agent allowing the hybridizations
to be carried out at lower temperatures. However, it is not possible to use FA in vivo due
to its toxic nature to human cells [37]. Therefore, we have tested urea at a 4 M
concentration as a suitable non-toxic alternative. The hybridization efficiency of the
HP_LNA/20Me_PS probe was higher than that of the HP_LNA/20Me_PO probe in both
FA and urea buffers, as it can be observed by the high fluorescence signal (Figure 5.2A).
Because fluorescence microscopy only provides qualitative results, we determined the
average fluorescence intensity of each sample using Imaged software (Figure 5.2B).

The results obtained by Imaged confirmed that the HP_LNA/20Me_PS probe presents
higher fluorescence intensities than the HP_LNA/20Me_PO probe, irrespectively of the
buffer used. The fluorescence intensity of the HP_LNA/20Me_PS probe is significantly
higher in the urea buffer than in the FA buffer (p=0.006). The difference between
HP_LNA/20Me_PS urea and the other analysed conditions is statistically significant
(p<0.05). No statistically significant differences were observed in fluorescence intensity
between the HP_LNA/20Me_PS probe in FA and the HP_LNA/20Me_PO in both buffer
(p>0.05). As expected, control experiments (without probe) showed low levels of
fluorescence; this very faint background was likely due to the presence of
autofluorescence substances in bacterial cells could be sometimes observed (Figure
5.2B).

Sensitivity and specificity of the probes are two important factors for the success of a
FISH method. Because low hybridization temperatures can influence these two factors,
after optimization of the hybridization conditions it has tested the sensitivity and specificity
of the candidate probes against the panel of strains presented in Table 5.1 and in Figure
S6. The candidate probes were able to detect H. pylori reference strains and H. pylori
clinical isolates, while no fluorescent signal was detected for the non-pylori Helicobacter
strains tested. These results showed that 2’-O-methyl/LNA-modified probes were both
specific and sensitive for H. pylori strains, even when the hybridization is carried out at 37
°C in the presence of urea as a denaturing agent. A central parameter for a future FIVH
application in the human stomach is the optimization of the FISH technique at low pH. As
such, preliminary tests using HP_LNA/20Me_PS analysed in this study have been
performed at pH 4 with positive results (which will be discussed in Chapter VI).
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Figure 5.2 - FISH detection of H. pylori 26695 strain (ATCC 700392) using FAM- HP_LNA/20Me_PO and
HP_LNA/20Me_PS probes. FISH analysis was performed by epifluorescent microscopy in smears, using
either 50% (vol/vol) formamide and 4 M urea as denaturing agents in the hybridization buffer. Smears without
probe were used as negative control (Control) (2A). (2B) Average fluorescence intensity from each probe in
4 M urea and 50% formamide (v/v) buffers; fluorescent signal intensity is expressed in arbitrary fluorescent
units (AFU) and was quantified using ImageJ software. All images were acquired at equal exposure
conditions. Original magnification: 1000x.

5.3.3. FISH detection of H.pylori by imaging flow cytometry

After optimization of the method on slides, it has applied the FISH procedure to H. pylori
suspensions for imaging flow cytometry analysis. The mean fluorescence intensity of each
sample was assessed and the overall results were similar to the ones determined by
Imaged for FISH application on slides (Figure 5.3). The HP_LNA/20Me_PS probe in urea
buffer hybridized with a significantly higher efficiency than that of HP_LNA/20me_PS in
FA, and HP_LNA/20Me_PO probe in both buffers (p<0.05), showed by the higher mean
fluorescence intensity. Both probes hybridized more efficiently in the 4 M urea buffer than
in the FA buffer when compared with the control without probe (Figure 5.3A and 5.3B). On
the other hand, the both probes in the FA buffer did not show significant differences to the
respective control (p>0.05) (Figure 5.3A and 5.3B). Under these conditions, using imaging
flow cytometry, all different morphological types of H. pylori cells (spiral, coccoid and U-
shaped) emitted a bright green fluorescence (Figure 5.3C).
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Figure 5.3 - FISH detection of H.pylori by imaging flow cytometry. FAM labeled 20Me/LNA probes were
analysed in 50% (v/v) formamide buffer and in 4M buffer. A) Representative histograms of the green
fluorescence intensity of FAM-labeled HP_LNA/20Me_PO, HP_LNA/20Me_PS probes and controls. B)
Quantification of the mean fluorescence intensity of each probe in two independent experiments obtained by
flow cytometry. C) Representative images of individual H. pylori with different morphologies. The population
identified as individual H. pylori bacterium by FISH analysis was manually examined and individual cell events
were identified. Individual bacterial cells, shown by brightfield images (BF, left column) and green fluorescence
images (SG, right column).

5.3.4. @Gastric biopsy hybridization analysis

Considering the application of 2’-O-methyl/LNA in clinical settings, the identification of H.
pylori strains was performed in histological slides of gastric biopsy samples from patients
infected with this bacterium. In all paraffin sections, bacterial rRNA was detected using
FAM labeled HP_LNA/20Me_PO and HP_LNA/20Me_PS probes. However, the analysis
of gastric biopsies using HP_LNA/20Me_PS showed more fluorescence intensity of H.
pylori than in the same conditions with HP_LNA/20Me_PO. Negative controls confirmed
the lack of autofluorescence from non-labeled H. pylori cells (Figure 5.4B). Therefore,
using hybridization conditions similar to FIVH it is possible to identify and locate the
bacteria in the gastric mucosal surface.

Fontenete S. | 145



Hybridization-based detection of Helicobacter pylori at human body

temperature using advanced Locked Nucleic Acid (LNA) probes Chapter V

Figure 5.4- FISH detection of H.pylori in paraffin-embedded sections of gastric biopsies, using 2’-O-
methyl/LNA FISH detection conditions. (A) Detection of H. pylori using the HP_LNA/20Me_PS probe in a
histological slide of a gastric biopsy specimen of an infected patient; (B) Experiment control performed in
parallel using the HP_LNA/20Me_PS probe in a histological slide of a gastric biopsy specimen of an non
infected patient . Arrows indicate the presence of H. pylori infecting the gastric mucosa. All images were taken

at equal exposure times Scale bars: 10 um. Original magnification of x1000.

5.4. Discussion

This work presents the first approach to obtain a method for the detection of H. pylori
under in vivo mimicking conditions. Taking advantage of the evolution of nucleic acid
chemistry, we have synthesized a set of LNA and/or 2’-O-Methyl RNA probes using the
standard phosphodiester and the synthetic phosphorothiate backbones and have
evaluated their suitability to hybridize at 37 °C.

The hybridization assays showed that only HP_LNA/20Me_PS and HP_LNA/20Me_PO
probes were able to emit fluorescence at 37 °C. These results suggest that the
substitution of DNA for 2-O-Methyl-RNA nucleotides in LNA probes allows the
hybridization to occur at lower temperatures, as long as a shorter LNA/2’-OMe-RNA
sequence is used when compared to the corresponding DNA probe. It is furthermore
expected that the introduction of 220Me monomers into LNA probes will increase probe’s
biostability, specificity and kinetics of hybridization, and allows targeting under conditions
where DNA/LNA probes do not hybridize, an observation that has been corroborated by
others [18,21,22]. We have shown that both HP_LNA/20Me_PS and HP_LNA/20Me_PO
probes are able to successfully hybridize with H. pylori RNA at 37 °C. The
HP_LNA/20Me_PS probe yield higher fluorescence intensities in slides and in
suspensions of H. pylori, as well as in the gastric biopsies, which appears to indicate that
phosphorothioate probes are the best candidates to be used as probes in this type of

experiments.
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Taking in mind the future application of this method to in vivo conditions, and since the
FISH procedure includes solutions that are toxic, we have successfully replaced FA by
urea. In fact, FA, used as a destabilizing agent of nucleic acid duplexes, is one of the most
hazardous chemicals present in the hybridization solution and the use of urea as a
substitute has already been suggested by other authors [37]. The replacement of the
common 50% (v/v) FA by 4M urea led to a 40% increase in the signal intensity, in both
probes analysed (Figure 5.3), which could be explained by the additional permeabilization
role of urea [38]. More importantly, the use of warmed urea-containing buffer did not affect
the renaturation kinetics of the reaction.

Although different studies have performed the hybridization step of a FISH process at 37
C, these typically use a previous denaturation step and a washing step performed at
higher temperatures [10,39] or long periods of incubation [40]. Furthermore, some of
these studies used DNA probes, and as such the hybridization step alone lasted at least
for 8 hours, which is undesirable for the final purpose of FIVH. Moreover, these
experiments have only been performed in animal cells, where nucleic acids are able to
diffuse more freely into the cell due to the lack of a cell wall. The present study is the first
to perform the detection of a bacterium by FISH at human body temperature used for all
steps of the hybridization procedure. The only study that used the designation of FIVH
and that was performed in live animal cells [41], applies hybridization in an ex vivo culture
environment and as such is not a true FIVH. To the best of our knowledge, the few studies
that were performed in vivo in animal cells used fluorescently-labelled small peptides as
probes instead of nucleic acids [7]. Another issue observed in this study was the
autofluorescence of the tissues in the biopsy. Non-specific fluorescence agents, such as
fluorescein, have been used in several studies with endomicroscopy analysis [42]. The
sensitivity of this technique allowed for the visualization of small cellular structures such
as capillaries and inflammatory cells [43]. Therefore, although autofluorescence is present
in the analysed tissues (Figure 5.4), published works showed that it is possible to
discriminate small fluorescence signals in vivo [44,45]. There are also imaging analysis
methods which allow the reduction of autofluorescent signatures from image data
mathematically [46,47]. Another possible approach is the use of a different exogenous
fluorophores with a different spectral region where tissue autofluorescence cannot be
observed [48]. Therefore, if the presence of autofluorescence in fluorescent images
becomes a problem in in vivo analysis, there still exist different types of strategies that

might allow to overcome this issue.
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While significant steps have been taken in here to successfully achieve FIVH in the future,
there is still much work to be carried out. For instance, other components employed in the
hybridization solutions, such as dextran sulphate and Triton X will have to be substituted
or have their concentrations decreased for FIVH application due to their toxicity [49,50].
Dextran sulphate is used as an hybridization rate accelerator [51], whereas Triton X acts
as a detergent and prevents non-specific binding. A balance in the concentration of these
reagents simultaneously with the concentration of added urea that will ensure reasonable
kinetics and specificity of hybridization while keeping acceptable levels of toxicity will have
to be accomplished. The exposure time of the probe to the respective target is also one of
the most important factors for FIVH success. In fact, the decrease of the time-course of
each experiment (830 min) has already been done in our lab for PNA probes [52].
Matthiesen and Hansen also tried to reduce the required hybridization time using DNA
probes, however, the best results were observed only with one hour of hybridization [53].
Therefore, future studies will be also focused on decreasing the exposure time of the
HP_LNA/20Me_PS probe.

A suitable detection system that is able to detect the fluorescence signal inside the human
body to assess the efficiency of hybridization is available to FIVH, using a computer
connected to a confocal laser endomicroscope [42]. This equipment has been shown to
be useful for in vivo diagnosis of precancerous conditions and gastric cancer, and has
also allowed direct, nonspecific in vivo identification of H. pylori [54]. Therefore, it could be
used to detect the fluorescence signal of the HP_LNA/20Me_PS probe in vivo, possibly
allowing acquisition of real time high resolution images of this bacterium during ongoing
endoscopy. Another important advantage of this method is that it should be easily adapted
to detect the resistance of H. pylori to clarithromycin, by a simple redesign of the probes
[55]. This would imply that by the end of an endomicroscopy, the gastroenterologist would
not only know about the presence of H. pylori, but also have information about the best
therapy that should be prescribed to the patient.

In this study, the fluorescence intensity was used as a parameter of probe hybridization
efficiency in slides and in suspension. The quantification of fluorescence was performed
both by the Imaged software and by flow cytometry. One of the reasons why the
quantification of fluorescence was performed by two methods was that when using flow
cytometry it is possible to analyze each cell as an independent observation and therefore
stronger statistical data is obtained (Figure 5.3). The other reason was that, within the
human body, not all the microbial cells are adhered to a surface. For instance, when
microbial infections of the blood occur, microorganisms such as Candida spp.,
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Staphylococcus aureus and many others can be found in the bloodstream [56,57].
Because one of the goals of this study was to establish a framework for other FIVH
methods, we considered it relevant to assess if differences in the hybridization
performance could also be observed between hybridization in slides and in suspension.
As this was not the case, FIVH might also be applicable in the future as a diagnostic
method to detect the causative agent of a septicaemia, pending on the development of
suitable technologies to detect the fluorescent signal of the probe.

5.5. Conclusions

Specific and sensitive detection by FISH of a microorganism under human normothermia
conditions is reported herein for the first time. More importantly, the study also lays the
foundation for other projects that aim to develop methods for in vivo detection of other
microorganisms using FIVH. For instance, the remarkable properties of LNA in terms of
hybridization affinity and specificity were essential for the obtained results. Furthermore,
phosphorothioate internucleoside linkages coupled with the introduction of 2’OMe
residues proved to be the most suitable probes. As the FIVH process is mostly controlled
by the thermodynamics of hybridization of nucleic acids, it is suggested that works
targeting other microorganisms should employ LNA/20Me with PS linkage-based probes.

Future research should be focussed in three main directions: 1) decrease of the time of a
standard FISH procedure; 2) evaluation of the cytotoxicity of all compounds used in this
process, and 3) assessment of the ability of confocal endomicroscopy to detect the
fluorescent signal emitted by the fluorochrome attached to the cells.
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ABSTRACT

In recent years, there have been several attempts to improve the diagnosis of infection
caused by Helicobacter pylori. Fluorescence in situ hybridization (FISH) is a commonly
used technique to detect H. pylori infection but it requires biopsies from the stomach.
Thus, the development of an in vivo FISH-based method (FIVH) that directly detects and
allows the visualization of the bacterium within the human body, would significantly reduce
the time of analysis, allowing the diagnosis to be performed during endoscopy. In a
previous study it was designed and synthesized a phosphorothioate locked nucleic acid
(LNA)/ 2" O-methyl RNA (2’OMe) probe using standard phosphoramidite chemistry and
then FISH hybridization it was successfully performed both on attached and suspended
bacteria at 37 °C. In this work it was simplified, shortened and adapted FISH to work at
gastric pH values, meaning that the hybridization step now takes only 30 minutes and, in
addition to the buffer, uses only urea and probe at non-toxic concentrations. Importantly,
the sensitivity and specificity of the FISH method was maintained in the range of
conditions tested, even at low stringency conditions (e.g. low pH). In conclusion, this
methodology is a promising approach that might be used in vivo in the future in
combination with a confocal laser endomicroscope for H. pylori visualization.

Keywords: FISH, Nucleic Acid Analogs, LNA, Helicobacter pylori
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6.1. Introduction

Microbial communities coexisting within the human host are known as the human
microbiome. Under normal circumstances, there is a very high number of microorganisms
that protect the human body, however the shift from a normal to an abnormal microbiome
may predispose the individual to several diseases [1]. Helicobacter pylori is part of the
Gram-negative bacterial flora that colonizes the human gastric mucosa and establishes a
persistent infection [2]. H. pylori causes chronic gastritis, which may progress to gastric or
duodenal ulcers, gastric atrophy, mucosa-associated lymphoid tissue lymphoma and
adenocarcinoma [3]. This bacterium is thus one of the most important pathogens and is
responsible for at least half a millions deaths per year [4]. H. pylori can be detected by
invasive methods which include endoscopy, where a biopsy is removed and further used
for histopathological examination, rapid urease test, PCR or bacterial culturing [5,6]. High-
definition endoscopy offers a potential to improve diagnostic accuracy, allowing a real-
time decision-making. Recently, a new endoscope imaging technology was developed,
the confocal laser endomicroscopy [7], enabling real time in vivo detection during ongoing
endoscopy [8,9]. This equipment is based on the excitation of a fluorochrome through a
laser which provides a clear two-dimensional image of the tissue [10,11]. It includes a
powerful microscope that allows clinicians to view bacteria in real time and contains a
water jet nozzle which could be used to inject a solution into the gastric mucosa [12].
Confocal laser endomicroscopy can be in theory combined with fluorescent in situ
hybridization (FISH) for the identification of microorganisms. The high sensitivity and
specificity of FISH and the speed at which the assays can be performed have made FISH
an important methodology in clinical microbiology [13,14]. Another advantage is the direct
visualization of the bacterium within the sample [15]. Because the fluorescent signal
generated by FISH has a strong signal-to-noise ratio, automated image analysis is
possible to be implemented [16]. However, the development of FISH methods allowing the
detection of specific microorganism in living cells (called FIVH, fluorescence in vivo
hybridization) has proved to be a challenge [17] as many technical issues have to be
overcome. For instance, to perform FIVH in the human gastric stomach it would be
necessary for the method to work in very acidic conditions. Consequently, only a highly
acid-resistant and efficient oligonucleotide will allow such detection. In recent years, a
variety of modified oligonucleotides have been developed to increase not only the stability
in biological media but also the ability to bind specifically to a target [18]. Oligonucleotides
containing locked nucleic acid (LNA) and 2’-O-Methyl-RNA (2°0OMe) nucleotide monomers
are examples of such oligonucleotides. Both LNA and 2’OMe can be considered as RNA
mimics and have shown biological stability, lack of detectable toxicity and potent biological
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activities [18-23]. Many variations of backbone modifications, most notably the
phosphorothioate (PS) backbone, have also evolved and even advanced to the level of
clinical trials. [24,25]. PS oligonucleotides containing LNA monomers thus improve target
affinity and display significant nuclease resistance [26,27].

In Chapter V, the use of one probe composed of a mixture of LNA and 2’°0OMe nucleotides
(LNA/2’OMe) with a PS backbone modification were shown to have an excellent
performance at 37 °C, displaying higher affinity, increased specificity, faster hybridization
kinetics, and superior ability to hybridize to the target [17]. However, current FISH
protocols have not been optimized for in vivo use. Most, if not all, hybridization buffers are
toxic and/or require incubation times that are too long to be used in FIVH. Additionally,
FISH protocols are performed at physiological pH (pH 7.0-7.5), and no studies are known
which analyzed the behavior of oligonucleotides for FISH under acidic pH conditions.

In order to address these questions, herein it has tested the chemical stability and
efficiency of hybridization of the HP_ LNA/20Me _PS probe in a range of pH values and
in the presence of pepsin. Then, it was evaluated the specificity and toxicity of this probe
in a human gastric epithelial cell line.

6.2. Materials and methods

6.2.1. Oligonucleotide synthesis

The sequence of the probe was selected based on the parameters described in Chapter V
[17] (Table 6.1). The oligonucleotides were synthesized using an automated DNA
synthesizer using standard phosphoramidite chemistry at 1.0 umol scale. Two different
probes were synthesized using the same sequence but with two different fluorescent
labels: fluorescein (FAM) and cyanine 3 (Cy3). Probes were purified by reverse phase
HPLC (RP-HPLC) and characterized by lonExchange HPLC conditions (IE-HPLC) using a
Dionex system HPLC (VWR) and matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF) on a Microflex Maldi (Bruker Instruments, Leipzig,
Germany). The purified oligonucleotides were precipitated by acetone and their purity
(>90%) and composition was verified by IE-HPLC and MALDI-TOF analysis. The probes
were resuspended in different hybridization buffers as described in the following sections.
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Table 6.1 - Designation and sequence of the probes containing locked nucleic acid (LNA; with L superscript)
and 2’-O-methyl RNA (2'-OMe; in Boldface) nucleotide monomers. HP_ LNA/20Me _PS is a phosphorothioate
oligomer (PS backbones) labeled with either FAM (Fluorescein) or Cy3 (Cyanine)

Designation Sequence (10-mer)
FAM HP_ LNA/20Me _PS 5'- FAM G-ACT-AAG-ccC"-3’
Cy3 HP_ LNA/20Me PS 5'- Cy3 G-"ACT-AAG-CCC"-3’

6.2.2. Analysis of probe integrity at low pH by analytical chemistry

To determine if the integrity of the fluorochrome-labeled HP_ LNA/20Me _PS probe was
maintained at low pH and in the buffer used in FISH, the probe was exposed to pH 2 and
pH 4 (using a 0.5M urea and 900 mM NaCl buffer) in the same buffer for 3 hours at 37 °C.
To correctly perform the characterization, the salts in the solution were removed using
illustra™ NAP-10 columns (GeHealthcare, UK). Afterwards, whilst the probe was
submersed in different buffers, it was characterized by ion exchange HPLC (IE-HPLC) on
a Dionex system HPLC (VWR) using a Dionex DNAPac PA-100, 9x250mm analytical
column, and by matrix-assisted laser desorption ionization time-of-fight mass
spectrometry (MALDI-TOF) using a Microflex Maldi (Bruker Instruments, Leipzig,
Germany). As a control, the same characterization was performed in parallel for a
suspension of the HP_ LNA/20Me _PS probe that was not exposed to acidic conditions.

6.2.3. Bacterial strains and culture conditions

All bacterial cultures were grown in trypticase soy agar (TSA) supplemented with 5% (v/v)
sheep blood (Becton Dickinson GmbH, Germany) and incubated for 48 hours at 37 °C
under microaerobic conditions using a GENbox microaer (bioMérieux, Marcy [I'Etoile,
France). Bacteria were collected from TSA plates using water or saline (microscopy or
cytometry analysis, respectively). The bacterial density was determined by the dilution of
initial culture in water or saline and the absorbance was measured at 600 nm. H. pylori
26695 was used for the optimization of probe hybridization conditions, whereas other
bacteria, either Helicobacter spp. or the non-Helicobacter spp., were used for the analysis
of probe specificity and sensitivity. All bacteria used in this study are listed in Table 6.2.
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Table 6.2 - Helicobacter and non-Helicobacter bacterial strains included in this study

Helicobacter spp.

. . Non-pylori Helicobacter strains  Non-Helicobacter spp.
H. pylori strains

26695 (ATCC® 700392™) Staphylococcus epidermidis

H. cinaedi 33221-1.2°

(ATCC® RP602A™
b Staphylococcus aureus

G27 (NCTC 13282) H. mustelae 2H1 ® ™)

(ATCC™ 25923

™ b Pseudomonas fluorescens

60190 (ATCC® 49503™) H. salomonis o -

(ATCC™ 13525
84-183(ATCC® 53726 ™) H. muridarum 2A5+° Escherichia coli (CECT 434)
H. pylori CI-31? H. pametensis® Campylobacter jejuni
H. pylori Cl-116° H. bilis” Campylobacter coli

H. canis CIP104753
H. canadensis ®
H. acinonychis (ATCC® 51101™)

Legend: Helicobacter clinical isolates provided by: @ Céu Figueiredo [28] ; ° Francis Megraud, and ¢ Jay Solnick

6.2.4. Analysis of probe behavior in a pH range

In the Chapter V, it was shown that the FAM HP_LNA/20Me_PS probe is able to
efficiently detect H. pylori at the human body temperature (37 °C) [17]. Here, it was further
evaluate if this probe efficiently hybridize under conditions similar to those of the human
stomach, particularly the acidic pH. Therefore, the first analysis encompassed the
evaluation of the performance of this probe at a range of pH values using different
hybridization times applying the FISH protocol in suspension, as previously described
[17]. For this analysis, it was used the response surface methodology (RSM) [29,30] to
quantify the relationship between the response (or output variable, i.e. fluorescence
intensity upon probe hybridization) and the independent variable (input variable, i.e. pH
and time). Having used the central compose design, formulated through the statistical
software package Design Expert® 9.0.3 (StatEase Inc., Minneapolis, USA), it was
analysed the variation of fluorescence intensity as a function of pH change and time of
hybridization. This design was built in a quadratic surface, where all experiments were
conducted in 14 runs, and in which six of them were center points. Each experiment was
carried out in duplicate. The levels of the independent variables in pH versus time are
presented in Table 6.3. The levels selected for the time and pH variables (corresponding
to -1, 0 and 1 in coded units) were based on the hybridization time described for FISH
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experiments [17,31,32] and to cover the range of physiological conditions of the human
stomach [33], respectively. Therefore, the fluorescence intensity (arbitrary units of
fluorescence, AUF) was taken as a response to derive the model.

Table 6.3 - Experimental levels of variables tested for fluorescence intensity, using the response surface

methodology
Range and level
Variables
- -1 0 +1 +a
Time (min) 0.07 15.5 52.7 90 105.4
pH 0.96 2 4.5 7 8.04

6.2.5. Optimization of probe hybridization conditions in bacterial suspensions
6.2.5.1.  Optimization of the washing step

To confirm the results obtained by RSM, it was studied the probe’s performance at pH 2, 4
or 7, the three most relevant ranges of pH in the human stomach corresponding to the pH
of the lumen, mucus, and epithelial layer, respectively. Moreover, for each pH value it was
tested different incubation times with washing buffer ranging from 0, 5 and 15 min and
different washing buffers. The performance of the probe was compared in the standard
FISH washing buffer [pre-warmed solution (pH 10), containing 5 mM Tris Base (Fisher
Scientific), 15 mM NaCl (Panreac) and 1% Triton X (Panreac)] and in a non-toxic washing
buffer (aqueous solution at the pH under study). All FISH experiments were performed in
suspension using the protocol described in Chapter V [17], with the exception of the time
and pH parameters referred above.

6.2.5.2.  Optimization of the hybridization step

Since the aim of this work it was adapt the FISH methodology to be used in vivo directly in
the gastric mucosa, it has tested a short hybridization time period aiming to reduce the
overall time of the hybridization step (the standard time currently used is 90 minutes)
[15,17,31]. Therefore, using the optimized washing step described above the hybridization
step at 30 and 90 minutes was tested. Following this, specificity and sensitivity analysis
was performed with the reduced time using other H. pylori 26695 and G27 strains and
Helicobacter spp (H. cinaedi, H. mustelae, H. salomanis, H. muridarum, H. pametensis,
H. bilis and H. canis).

It was optimized the probe with a buffer containing urea to substitute formamide in the
Chapter V [17]. However, in order to use a completely non-toxic buffer, a larger number of
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experiments were performed to remove some of the toxic compounds that are normally
present in the washing and hybridization buffer, such as dextran sulphate, Triton-X and
ethylenediaminetetraacetate (EDTA) disodium salt 2-hydrate. Therefore, it was tested a
hybridization buffer containing 4M urea (VWR BHD Prolabo, Haasrode, Belgium), 900 mM
NaCl (Panreac) and different buffer solutions to keep the desired pH (pH2:KCI-HCI,
pH4:phosphate-citrate, pH7:Tris-HCI buffer). The following procedure aimed at reducing
the concentration of urea and we therefore tested 2M and 0.5M of urea in the same
conditions. Thus, in the final optimized protocol, 100 pL of fixed cells (50% ethanol during
15 minutes) were resuspended in 100 uL of hybridization solution (0.5M of urea, 900 mM
NaCl and pH buffer solution) with 400 nM probe, and the resulting mixture was incubated
at 37 C for 30 min. After hybridization, samples were centrifuged at 14.000 rpm for 5 min,
resuspended in 500 puL of washing solution (buffer solution diluted in MiliQ water) and
incubated at 37 °C for 15 min. The cells were again centrifuged at 14 000 rpm for 5 min
and resuspended in 100 uL of saline. To remove aggregates, samples were filtered by a
sterile filter (0.22 pm filter, Frilabo). A specificity and sensitivity analysis of the probe in
optimized conditions was performed using other H. pylori 26695 and G27 strains and
Helicobacter spp (as above).

FISH in slides was performed as previously reported in Chapter V, with a few
modifications [17,34]. For permeabilization on glass slides, smears of each species/strain
were immersed in 50% (v/v) ethanol for 10 min and allowed to air dry. The hybridization
was performed using 20 pl of hybridization buffer with 200 nM probe, such that the
resulting mixture was covering each smear individually. Samples were covered with
coverslips and incubated for 30 min at 37 °C. Slides were subsequently washed in a
preheated aqueous acid solution for 15 min at 37 °C whereupon the slides were allowed
to air dry. All experiments were performed in triplicate and for each experiment a negative
control (same hybridization conditions, but without a probe in the hybridization mixture)
was included. Slides were stored in the dark before microscopy analysis.

6.2.5.3.  Optimization of the permeabilization step

Most FISH protocols include a fixative/permeabilization step where toxic compounds such
as paraformaldehyde (PF) are used. Since PF is toxic for cells, it was compared the
efficiency of probe hybridization under conditions with (normal protocol) and without PF in
the FISH protocol.
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6.2.5.4.  Optimization of FISH protocol in conditions similar to gastric juice

Since human gastric mucosa is covered by gastric juice, the washing step in FIVH could
be considered the gastric juice. Therefore, the standard washing buffer in the FISH
protocol was substituted by a gastric simulated juice that contains pepsin [35]. The
hybridization step was performed in H. pylori 26695 bacterial suspension, using 0.5M urea
buffer at different pH values (2, 4 and 7). Afterwards specificity and sensitivity analysis
was performed with the bacteria described in Table 6.2.

6.2.6. Cytometry analysis

H. pylori bacteria cell suspensions stained with Cy3-labeled or FAM-labeled HP_
LNA/20Me _PS probes, and the respective unstained negative controls, were analyzed in
a Beckman Coulter Epics XL flow cytometer (Brea, USA) equipped with a 488 nm laser.
For each sample, 20 000 events were collected. All the experiments were repeated in
triplicate.

6.2.7. Microscope evaluation

Bacteria images were acquired with a Carl Zeiss Apotome Axiovert 200M Fluorescence
Microscope (Carl Zeiss, Jena, Germany). Images were taken with an Axiocam HRm
camera and processed with Zeiss Axion Vision 4.8 software. All the experiments were
performed in triplicate.

AGS (gastric adenocarcinoma) cells were analyzed on an inverted epi-fluorescence
microscope, (Axiovert 200M, Zeiss,Germany). Images were acquired with a Leica TCP
SP2 AOBS camera and processed LAS AF using Lite software (Leica Microsystems CMS
GmbH).

6.2.8. Cell culture conditions and infection with H. pylori

Human gastric epithelial cell line AGS (ATCC® CRL-1739) was maintained at 37 °C under
5% CO, humidified air, in RPMI medium 1640 Glutamax | (Gibco, Invitrogen, Grand
Island, NY, USA) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v)
Penicillin/Streptomycin (complete medium). Culture medium was replaced every two days.
For infection experiments, AGS cells were seeded in a 6-well culture plate and grown in
antibiotic-free medium until reach the desired confluence. AGS cells were infected with H.
pylori at a multiplicity of infection (MOI) of 100, for 3 hours. Controls without infection were
also seeded in the same conditions. In order to evaluate the specificity of Cy3 HP_
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LNA/20Me _PS, FISH was performed with different concentrations of probe and the
fluorescence signal was studied by confocal microscopy.

6.2.9. Cell proliferation assay

AGS cells were seeded in 96-well plates with a final volume of 200 uL of complete
medium per well and grown to 50% and 100% confluence. Upon reaching the desired
confluence, AGS cells were incubated with 200 nM of Cy3_ HP_ LNA/20Me _PS diluted
in hybridization buffer [0.5 M urea and 900 mM NaCl; 1% (v/v) or 5% (v/v)] or in complete
medium (untreated control) for 24 hours. At the end of the incubation period, the cell
viability was evaluated using CellTilter 96® Aqueous One Solution Cell Proliferation Assay
(Promega Corporation, Madison, WI), according to the manufacturer’s instructions.
Absorbance at 490 and 630 nm was measured using a microplate reader (Biotek
Instruments Inc. Synergy MX, USA). Background absorbance values were subtracted
from the absorbance values generated with MTS assay. The values from treated cells
were compared with the values generated from untreated control cells and reported as
percent viability. All experiments were performed in triplicate.

6.2.10. Cell death analysis in AGS cells

The caspase 3/7 activity in AGS cells treated with probe was analysed using the
luminometric Caspase-Glo™ assay (Promega, Madison USA), according to
manufacturer’s instructions. AGS cell were plated in 96 well solid white bottom plates in
200 pL of complete medium. When AGS cells reached 50% confluence, they were treated
with 200 nM of Cy3 HP_ LNA/20Me _PS diluted in a hybridization buffer (vehicle) or
complete media (untreated control) and cells were incubated for 24 hours. The plates
were then incubated with 100 yL of Caspase-Glo reagent at room temperature for 30
minutes. The luminescence of each sample was measured in a plate-reading luminometer
(Biotek Instruments Inc. Synergy MX, USA). The experiments were performed in triplicate
and repeated on three separately-initiated cultures.

Evaluation of apoptosis was performing using the Cell Death Detection ELISAP-YS kit
(Roche Applied Science, Germany) according to the manufacturer's protocol. The
principle of this assay is the detection of mono- and oligonucleosomes in the cell lysates
using biotinylated anti-histone and peroxidase-coupled anti-DNA antibodies. The amount
of peroxidase retained in the immunocomplex was photometrically determined with 2,2'-
azino-bis-( 3-ethylbenzthiazoline-6-sulfonic acid) as the substrate through the absorbance
quantification quantified at 405 nm. Data are expressed as mean of three independent
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experiments. In a separate experiment, AGS (4 x10* cells/mL) were treated for 24 h with
200 nM of Cy3_HP_ LNA/20Me _PS or vehicle (hybridization buffer) [in 1% (v/v) or in 5%
(v/v)]. Wells with serum free medium were used as negative controls. Briefly, cells were
lysed by adding lysis buffer to each well and incubating for 30 min at 20 °C, 300 rpm.
Each plate was centrifuged at 200 x g for 10 min, and 20 uL of each supernatant was
transferred to streptavidin-coated wells. The wells were treated with anti-histone and anti-
DNA-containing immune-reagent, incubated for 2h at 25 °C, 250 rpm, washed three times,
and treated with peroxidase substrate 2,2’-azino-di-(3-ethyl-benzthiazoline sulfonate).
Absorption at 405 nm and 490 nm was measured using a spectrophotometer (Biotek
Instruments Inc. Synergy MX, USA). All experiments were repeated three times.

6.2.11. Statistical analysis

Statistical significance was determined by One-way analysis of variance (ANOVA) by
applying the Tukey multiple-comparisons test, using SPSS statistics 17.0 (SPSS,
Statistical Package for the Social Sciences, Chicago, USA). Results were expressed as
mean values+SD. Differences were considered to be statistically significant when p<0.05.

6.3. Results

6.3.1. Analytical chemistry of HP_LNA/20Me_PS at low pH and high salt concentrations

Although the most commonly used dye in FISH is FAM, this dye has been described as
sensitive to pH [36]. Therefore, it was tested the integrity of the probe and fluorochrome
conjugate at pH values of 2 and 4. The analytical spectra obtained by IC-HPLC and
MALDI showed that most of the FAM-labeled HP_ LNA/20Me PS was intact. The
spectra obtained by IC-HPLC were very similar in all conditions with identical retention
time (~21.8 min) for the oligonucleotide not subjected to acidic conditions and after
exposure to pH 2 or pH 4 conditions (Figure S7 A). This analytical analysis allowed to
verify the presence of the dye and to confirm the purity of the sample even after exposure
to strongly acidic conditions. Similarly, the molar mass of the probe was analysed and
confirmed to be the same under all conditions studied (MALDI-TOF spectrum; Figure S7
B). In the mass spectrum of the FAM_HP_ LNA/20Me _PS, there was no significant
change in the molar mass (MW = 4002.003) (Figure S7 B). Therefore, the integrity of the
probe is maintained at low pH and high salt concentration. The results clearly show that
the FAM_ HP_ LNA/20Me _PS is in principle suitable for applications in the low pH

environment of the human stomach.
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6.3.2. Central composite design, pH versus time

In the present study the RSM was employed to identify the interactions between variable
pH and hybridization time. Fluorescence intensity values were determined by flow
cytometry and corresponded to the average of duplicates. The design matrix and the
matching observed responses are shown in Table S2. The table shows fluorescent
intensities corresponding to the combined effect of the studied variables in their specific
ranges.

The central composite design with two variables, including six replicates at the central
point and one response, was used for fitting a quadratic response surface. A regression
analysis was performed to fit the response function with the experimental data. The
statistical significance of the linear model equation was checked by ANOVA and the data
are shown in Table S3.

The results obtained were subjected to analysis of variance with the inverse square root
model observed in Figure 6.1. Interaction effects and optimal variable levels were
determined by plotting the response surface. The contour plot shows the behavior of
response (fluorescence intensity) with respect to simultaneous change in the two
variables under study (time and pH).

1400.5
124369
1086.88
930.069

773257 —

616.445
450633
302621 ¢
146.009

Fluorescence Intensity (AUF)

B: pH

1/Sqrt(Fluorescence Intensity) = 0.036 -2.638E-004 * Time +7.278E-003* pH

Figure 6.1 - Analysis of FAM HP_LNA/20OMe PS probe performance using the
response surface methodology (RSM). Three dimensional surface plot showing the variation of H. pylori
fluorescence intensity as a function of model terms. The model graphs are represented in gradient color
shading. The surface is red at higher response levels and blue at lower ones.
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Although the model was significant for only one of the variables (pH), it helped to
understand that the probe could work at a large range of pH values, particularly at low pH.
Therefore, after performed this analysis it was carried out experiments without using RSM
as a strategy to compare and confirm the model.

6.3.3. Optimization of washing and probe hybridization conditions

Specificity of probe binding to the target typically depends on the washing conditions. The
washing step serves mainly to rinse off excess probe molecules at conditions that prevent
unspecific binding [37]. Usually, the washing buffer includes detergents and a salt and the
washing procedure takes around 30 minutes. However, in FIVH this type of protocol is not
possible; therefore, it was tested the use of an aqueous buffer (water with buffer solution)
at shorter periods of time (5 to 15 minutes). It was observed that it is possible to use
aqueous buffer during 15 minutes in the range of pH in study (Figure S8A). A desirable
feature of any diagnostic test is that it should achieve results in the shortest possible time.
The alternative approach presented showed that the hybridization process can be
performed in 30 minutes in bacteria, obtaining similar results (Figure S8B).

Several studies use complex hybridization buffers in FISH methodologies containing toxic
compounds. Most of them have not been proved to be always necessary to improve the
yield of a hybridization reaction involving LNA probes (e.g. EDTA and dextran sulfate). In
these experiments at pH 7, no effect in the hybridization efficiency was observed after the
elimination of these chemicals from the hybridization solution (Figure S8C). In many FISH
protocols, increasing stringency improves specificity with a corresponding loss in
sensitivity. The use of denaturants is essential to lower the Tm of the hybrids and increase
the stringency of the probe to target binding. Therefore, the use of urea has a crucial role
in the hybridization to the target. In these experiments it was reduced the quantity of this
denaturant from 4 M to 0.5 M which, despite the significant large reduction in
concentration, led to no significant decrease observed in fluorescence quantification
(Figure S8C).

When performing FIVH the use of toxic compounds such as the fixative buffer is not
possible. Consequently, it was optimized the permeabilization step by replacing PF for
50% (v/v) ethanol. Unlike in other studies [38,39], no significant differences were observed
in the fluorescent signal intensity with this replacement (Figure 28D). It was further
observed that when the permeabilization step with ethanol was not performed in
suspended bacteria, the obtained fluorescence intensity was very weak for all of pH
values studied. Nevertheless, in attached bacteria, high fluorescence was obtained with a
non-fixative protocol (Figure S9).
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While acidity profiles in the human stomach can vary extensively [33], the three profiles
tested were carefully selected to be representative of the conditions in all groups of
patients. It was maintained a denaturant, urea, and sodium chloride in the hybridization
buffer since these compounds are essential not only for the high efficiency of the FISH
methodology but also to adjust the stringency conditions of the hybridization [40].

After all protocol optimizations, FISH in pure cultures of H. pylori was performed, in
attached and in suspended bacteria, and evaluation was performed by microscopy (Figure
6.2A-F) and flow cytometry (Figure 6.2G-l). The probe was tested in attached bacteria
once H. pylori has colonized the gastric mucosa by adhering to the mucus layer that lining
the gastric epithelium [41]. It is already known that adhesion to epithelial cells is essential
for the infection step [42]. The FISH performed in attached bacteria showed to be efficient
for all pH values (Figure 6.2). However, at pH 4 it was observed a higher fluorescent
intensity. The control without probe showed a low background in the optimized
hybridization buffer (Figure 6.2D-F).

pH 2

Events

10° 10 10 10 10° 10 10? 10* 10° 10 10° 10

Fluorescence (A.U.F)

Figure 6.2 - Detection of H. pylori in slides, by epifluorescent microscopy (A-F), and in suspension, by flow
cytometry (H-J), using the FAM HP_ LNA/20Me _PS probe at different pH values. A - F Smear of pure
culture of H. pylori strain 26695 observed by epifluorescent microscopy. A-C. Experiment using 200 nM of the

probe. D-F. Smears without probe were used as negative control. All images were taken at equal exposure
times. G-1. Relative fluorescence histograms of LNA-FISH targeting H .pylori in different pH for two different

assays — Blue: negative control with no probe; Green: positive sample. Scale bar = 10 pm.
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The results obtained by flow cytometry also showed high fluorescence intensities at all pH
values and a low background (Figure 6.2G-I). This analysis was also performed using the
Cy3-labelled HP_ LNA/20Me _PS and the results showed significantly brighter staining
(Figure S10) probably due to higher resistance of the fluorochrome Cy3 to photobleaching
[40,43].

The sensitivity studies (Figure 6.3) were performed with the FAM HP_ LNA/20Me _PS
probe and showed that this probe is able to detect both H. pylori reference strains and H.
pylori clinical isolates (Figure 6.3A), while no fluorescent signal was detected for the non-
pylori Helicobacter strains tested (Figure 6.3B). These results also showed that this probe
was specific and sensitive for H. pylori strains, even when the hybridization is carried out
under low stringency conditions (low temperature, short hybridization time and low pH).
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Figure 6.3 - Sensitivity and specificity studies performed with the HP_ LNA/20Me _PS probe at different pH
values evaluated by flow cytometry. A. Sensitivity test using different strains and clinical isolates of H. pylori.

C. Analysis of the probe in clinical isolates of H. pylori. B. Specificity test using different species of
Helicobacter and other bacteria.
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To mimic the human gastric mucosa, the water in the washing step of the FISH protocol
was replaced with simulated gastric juice. It was observed that the signal of the FAM_
HP_ LNA/20Me _PS be was decreased in the presence of this solution (Figure S11).
Therefore, an analytical study to understand if the FAM is functional in this acid solution
was performed (Figure S11). Using this acid solution low fluorescence intensity was
observed. A possible explanation is that when the dye oligonucleotide conjugates are
subjected to acid conditions, protonation or deprotonation of the dye units can alter their
electronic structure which can then affect the ability to fluoresce [44]. A protonation of
neighboring nucleobases can also alter their electron-donating properties and therefore
determine their quenching abilities with consequent loss of fluorescence [45]. On the other
hand, the Cy3-labelled HP_ LNA/20Me _PS still had a strong signal for all hybridization
conditions in the simulated juice (Figure 6.4).

pH2

Events

Fluorescence (A.U.F)

Figure 6.4 - Detection of H. pylori using the Cy3 HP_ LNA/20Me _PS oligonucleotide probe in a smear of
pure culture of H. pylori strain 26695 using simulated gastric juice by epifluorescent microscopy. A-F Smear
of pure culture of H. pylori strain 26695 (ATCC 700392) observed by epifluorescent microscopy. A-C
Experiment using 200 nM of Cy3 HP_ LNA/20Me _PS oligonucleotide probe. D-F. Smears without probe
were used as negative control. All images were taken at equal exposure times. Original magnification: 1000x.
G-l. Relative fluorescence histograms of LNA-FISH targeting H. pyloriin different pH for two different assays —
Blue: negative control with no oligonucleotide probe; Red: sample. Scale bar = 5 um.
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All sensitivity and specificity studies demonstrated that the gastric juice does not interfere
with the hybridization efficiency of the Cy3_HP_ LNA/20Me _PS (Figure 6.5).
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Figure 6.5 - Sensitivity and specificity studies performed with the HP_ LNA/20Me _PS oligonucleotide probe
using simulated gastric juice. A. Sensitivity test using different strains and clinical isolates of H. pylori. B.
Specificity test using different species of Helicobacter and other bacteria.
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6.3.4. Detection of H. pylori in infected gastric AGS cell line

In vivo H. pyloriis found free in the gastric mucus, and also in close contact with epithelial
cells [46,47]. A few in vitro studies have showed that H. pylori can be invasive and reside
within the cytoplasmic vacuole of the infected cells [48-50]. Therefore, the hybridization of
the Cy3_HP_ LNA/20Me _PS probe was tested in AGS cells infected with H. pylori by
confocal microscopy. The analysis of the confocal showed that the probe can still
hybridize to H. pylori when it is adhered to the gastric cells, and even when a high
concentration of bacteria is present (Figure 6.6A). It was also observed a low background
of the confocal images obtained (Figure 6.6B) which is a fundamental feature in this type
of studies, since background fluorescence emission is a significant drawback in in vivo
assays [51]. In these studies, it was not observed any unspecific binding signal as
observed in the control samples (only AGS cells) (Figure 6.6C).

A

Figure 6. 6 - Confocal microscopy images of AGS cells infected with H. pylori 26695 strain. A. Detection of H.
pylori by the Cy3_ HP_ LNA/20Me _PS _oligonucleotide probe in infected epithelial cells. Channel red, DAPI
and bright field were overlapping. Scale bar = 10um B. Detection of H. pylori by Cy3_ HP_ LNA/20Me _PS
_oligonucleotide probe in co-infected cells and isolates bacteria. Channel red, and bright field were
overlapping. Scale bar = 25um C. Uninfected AGS cells stained with Cy3_ HP_ LNA/20Me _PS
_oligonucleotide probe and DAPI. Channel red, and bright field and DAPI were overlapping. Scale bar =
5umRed: Cy3 fluorescence. Blue: DAPI staining to counterstain nuclei.
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6.3.5. Toxicity studies

Although LNA modified oligonucleotides offer advantages for improved target specificity
they can be hampered by toxicity in non-clinical studies [52,53]. Burdick et al. [54] have
demonstrated that this toxicity is associated with some sequence motifs. Therefore, it has
evaluated if the Cy3_HP_ LNA/20Me _PS induces toxicity to gastric epithelial cells
through viability and apoptosis assays.

The MTS assay was used to investigate the effect of the Cy3_ HP_ LNA/20Me _PS on
AGS cell viability at different confluences (50% and 100%). Treatment of AGS cells with
the Cy3_ HP_ LNA/20Me _PS at 200 nM did not result in a statistically significant
decrease in proliferation for any of the confluences (Figure 6.7A). It was also tested the
effect of the probe vehicle (hybridization buffer) on cell proliferation, and again no
statistically significant differences were observed (p>0.05) relatively to the untreated cells.
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Figure 6.7 - Effect of the Cy3_ HP_ LNA/20Me _PS oligonucleotide probe on viability (MTS assay, A) and
cell death (apoptosis, B and C) of AGS cells. AGS cells were treated with 200 nM of Cy3_ HP_ LNA/20Me
_PS oligonucleotide probe for 24h. The results are the mean + SEM of three independent experiments;
*p<0.05 vs untreated cells by ANOVA. A) Cell viability was measured using MTS assay. B) Analysis of
caspase-3/7 activity in AGS cells treated with Cy3_ HP_ LNA/20Me _PS oligonucleotide probe.
Staurosporine, STS, was a positive control of cell death. C) Effect of Cy3_ HP_ LNA/20Me _PS
oligonucleotide probe on the amount of DNA fragmentation in the cultured gastric cell line AGS. The level of

apoptosis occurring with each treatment was determined by cell death ELISA™" kit.
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Apoptosis is a natural form of cell death that induces condensation of the nucleoplasm
and cytoplasm, blebbing of cytoplasmic membranes and fragmentation of the cell into
apoptotic bodies that are recognized and eliminated by adjacent cells [55]. Since
apoptosis is ultimately mediated by caspase 3 and caspase 7, a Caspase-Glo 3/7 Assay
was conducted to determine whether the Cy3_ HP_ LNA/20Me _PS activates the
apoptotic pathway in probe-treated gastric cells. As depicted in Figure 6.7B, no
statistically significant differences regarding activation of caspase 3 and 7 were observed
between untreated cells and Cy3_ HP_ LNA/20Me _PS-treated cells (24 h at 200 nM);
the same was found for the vehicle in both volumes tested, which contrasts with
staurosporine treatment (positive control for cell death) that induces activation of
caspases 3 and 7. The Cell Death Detection™
technique to confirm these results (Figure 6.7C). Cy3_ HP_ LNA/20Me _PS treatment of

AGS cells did not induce cell death, as no significant increase in the ratio of DNA

system (Roche) was used as another

fragmentation was found in comparison to untreated cells. Additionally, no significant
differences were observed between the vehicle (hybridization buffer) and untreated cells
regarding the induction of DNA fragmentation.

6.4. Discussion

In this study it has tested a LNA probe using a non-toxic and simple FISH protocol as a
potential novel technique for in vivo diagnosis of H. pylori infection. The presence of H.
pylori was detected by FISH using ex vivo experiments with a specific molecular probe in
conditions that mimic gastric environment. It was optimized a fast, simple and non-toxic
FISH protocol and analyzed the efficiency, sensitivity and specificity of the probe in a
range of pH and using a gastric simulated juice. An in vitro analysis of the probe toxicity in
a gastric cell line was also performed. The main objective of this work is to build the
knowledge and the necessary tools to detect H. pylori by FIVH which could provide spatial
information on the localization of H. pylori. Such information is important in the clinic in
order to perform a correct and fast diagnosis and to decide the best treatment for the
infection.

The pH within the human stomach lumen varies between 1 to neutral after a meal,
although in adults the luminal pH rarely exceeds 5.5 [56]. H. pylori uses this transmucus
pH gradient for spatial mobility and orientation to reach zones where the pH is near
neutral [57,58]. Therefore, pH conditions in the stomach may have a strong effect on the
number of H. pylori cells present in the mucus layers in vivo. It was initially studied the
behavior of the probe in a range of pH values using RSM as an experiment tool designer.
The RSM approach has been used to determine the best conditions for a study
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comprising two or more variables by calculating the combined effect of selected variables
[59,60]. In Figure 6.1, the response surface shows the effect of the time of hybridization
and pH on the fluorescence intensity. The result demonstrates that the response surface
has a maximum point at a very low pH and around 50 min of hybridization. However,
because the time component was not statistically significant (p>0.05), it can only prove
that this probe can work effectively in an acid range of pH values. To the best of our
knowledge, this is the first study where FISH is performed under extremely acid
conditions. In the majority of the studies, experiments at pH values of 6.5-7.5 or even
higher have been applied to obtain more stringent hybridization conditions [15,31].
Conventional hybridization time in FISH performed in bacteria requires 1.5 hours
incubation with oligonucleotide probes [15,31]. The decrease of hybridization time has
already been described for FISH in mammalian cells or at higher hybridization
temperatures [32,61]. Here, it was showed that a 30 min hybridization step followed by a
15 min washing step could be used to obtain higher fluorescence intensities while
maintaining the specificity and sensitivity desired (Figure 6.3 and 6.5).

The use of toxic and complex buffers is recurrent in FISH protocols. Although there are
some studies which explore novel non-toxic hybridization buffers, some of the toxic
reagents have not been removed [32,62,63]. PF is the most commonly used fixative in
FISH experiments, however its well described toxicity and carcinogenic proprieties make it
impossible to use in FIVH [64]. Some concerns also exist in terms of the effect of the
cross-links created by PF with respect to the ability of the probes to recognize their targets
[39,65]. In addition, it has been suggested that the RNA target may be degraded during
the fixation process [66]. Even though it was able to remove PF from the permeabilization
step, the presence of ethanol was shown to be essential for bacteria in suspension
(Figure S2D) but not for attached bacteria (Figure S3). Because H. pylori in the human
stomach can be found either adhered to the gastric epithelial cells [67] or in suspension in
the gastric juice or mucus [68], permeabilization using ethanol was maintained in the
protocol.

Other types of toxic compounds currently used in the hybridization buffer in FISH
protocols are ion chelators, such as EDTA, which should be used in hybridization
experiments with low salt buffers. In the case of high salt conditions, the need of using
chelators has not been proven. [69]. It has also been reported that dextran sulfate (the
exclusion agent most commonly used in FISH protocols) has only a minor, or no effect at
all, in hybridization reactions with short probes [70]. However, the use of denaturant and
salt is essential in FISH in order to obtain an efficient and specific hybridization reaction.
The replacement of formamide by urea has been reported in some studies [17,62,63]. In
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these results it was showed that the reduction of the concentration of urea in the
hybridization solution from 4 M to 0.5 M does not affect the efficiency of the reaction
(Figure S2C). The substitution of the salt solution used in the washing step by an aqueous
buffer (Figure 6.2) or gastric juice (Figure 6.4) also had a positive outcome in the protocol.
One possible reason could be the low stringency conditions that we used (low
hybridization temperature and high salt concentration). It has generally been accepted
that low-stringency hybridization corresponds to a stronger binding of probes to the
targeted rRNA sites [71]. Therefore, higher temperatures appear to be less suitable for
FISH in terms of obtaining a satisfactory fluorescence signal [38]. However, the absence
of an washing step in the reaction leads to the decrease of the oligonucleotide probe
specificity [37]. Specificity is one of the most important parameters in FISH methodology
and is an essential property of nucleic acids [72]. In our studies we observed that the HP_
LNA/20Me _PS has higher specificity when used with hybridization buffer (NaCl and
urea). Some authors have reported that 2’OMe/LNA PS oligonucleotides have low
specificity [73], but in our hands this probe presented very low or no binding to non-pylori
bacteria and no binding to AGS cells under the conditions tested. These differences may
be explained by the experimental conditions selected in each study.

Although it is already known that FAM is sensitive to low pH conditions [36,65], it was
performed a chemical analysis after acid buffer treatments (HCI buffer, pH2 or pH4) and
proved that this is not always true. However, when we use simulated gastric juice, the
FISH results showed a huge decrease in the fluorescence intensity (Figure S5).
Therefore, we can argue that the fluorescence of this fluorochrome could be rapidly
quenched in the presence of pepsin. As a member of the aspartic protease family, pepsin
has a significant role in drug research and in pharmacological studies [74], and we
therefore can propose that this quenching mechanism could be the key to the decrease of
fluorescence of the FAM_2'OMe/LNA PS in simulated gastric juice.

It is also known that oligonucleotides can have significant toxic effects in mammalian cells.
Some of these effects can be related with certain chemical modifications or with the
reagents used as vehicles of probe in the experiments [73]. For the following step in this
study, it was investigated whether the Cy3_ HP_ LNA/20Me _PS would induce toxicity in
a gastric cell line, AGS, through viability and apoptosis analysis. Although it has been
reported, in some studies, that all-phosphorothioate probes can induce toxicity [75], it was
observed no significant toxicity under the conditions used (Figure 6.7). The HP_
LNA/20Me _PS contains 2’°0OMe, which is a non-toxic, naturally occurring nucleic acid
[76], and therefore it could reduce the toxicity of the probe. Other authors have reported
minimal LNA toxicity in their studies [19,73,77]. Hepatoxicity is also reported in animals for
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some LNA oligonucleotides [52,78], however, recently, Burdick et al., refers that the
hepatoxicity of LNA oligonucleotides is associated with specific motifs [54]. LNA-based
oligonucleotides have in fact advanced into phase 1 and 2 clinical studies, which also
demonstrates the non-toxic character of some sequences [77,79].

In order to establish FIVH in the routine practice of clinical laboratories, several limitations
have to be overcome in the future. First, although it was reduced the time needed to
perform some of the FISH steps, the duration of the entire protocol is still too long. In fact,
for FIVH in diagnosis, a further decrease in hybridization time may be beneficial for the
patient. Therefore, a new system capable of delivering directly the probe, avoiding the
permeabilization step and speeding up the hybridization period, might be useful. Second,
FIVH is only possible if confocal laser endomicroscopy is used, and is hence limited to
certain areas of the human body. However, despite of the difficulties which have to be
overcome, this study provides a technological advance not only for current FISH
methodologies but also towards the development of FIVH for the diagnosis of pathogens
and to assess disturbances in the microbiome.

6.5. Conclusion

In this study it was developed a FISH protocol that might be used directly in gastric human
mucosa using a H. pylori specific LNA-based oligonucleotide probe that has an excellent
performance at 37 C as demonstrated in the Chapter V. Therefore, it was reported the
development of a FISH-based method that can be carried out at 37 C and at a large range
of pH (2-7), using only ethanol as a fixative agent for 15 min, and a hybridization solution
consisting of 0.9 M NaCl and 0.5 M urea. In this method, the washing step can be
performed by the gastric mucus that is naturally present in the stomach. This final method
proved to be non-toxic, while retaining the specificity and sensitivity towards H. pylori.

This promising new method can be used in vivo in future clinical applications, in
combination with a confocal laser endomicroscope for H. pylori detection. It also provides
a powerful new approach for the diagnosis of microorganisms in general. Future work will

focus on using animal models as an in vivo proof-of-concept for FIVH.
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Abstract

Purpose: Helicobacter pylori (H. pylori) are gram negative bacteria that chronically infect
the human stomach of approximately 50% of the human population. H. pylori detection is
usually based on invasive methods that include endoscopy for collection of a biopsy that
is further used for histopathological examination, culture, or polymerase chain reaction
(PCR)-based detection. In this study, we applied fluorescence in vivo hybridization (FIVH)
using locked nucleic acid (LNA) probes targeting the bacterial ribosomal RNA (rRNA)
gene for in vivo detection of H. pylori infecting the C57BL/6 mouse model. This pilot study
sets the ground for the use of FIVH for in vivo detection of H. pyloriin infected individuals.
Procedures: A previously designed Cy3_HP_LNA/20Me_PS probe, complementary to a
sequence of the H. pylori 16S rRNA gene, was used to perform FIVH in C57BL/6 mice
infected with H. pylori SS1. First, the potential cytotoxicity and genotoxicity of the probe
was assessed by commercial assays. Further, the performance of the probe for detecting
H. pylori at different pH conditions was tested in vitro, using FISH. Finally, the efficiency
of FIVH to detect H. pylori SS1 strain in C57BL/6 infected mice was evaluated ex vivo in
mucus samples, and in cryosections and paraffin-embedded sections of the mice
glandular stomach by epifluorescence and confocal microscopy.

Results: H. pylori SS1 strain infecting C57BL/6 mice was successful detected by the
Cy3_HP_LNA/20Me_PS probe in the mucus, attached to gastric epithelial cells and
colonizing the gastric pits. The specificity of the probe for H. pylori was confirmed by
microscopy. Nonspecific binding was not observed in the control non-infected mice
groups.

Conclusions: In the future this methodology can be used in combination with a confocal
laser endomicroscope for in vivo diagnosis of H. pylori infection using fluorescent LNA
probes, which would be helpful to obtain an immediate diagnosis.

Keywords: Fluorescence in vivo hybridization (FIVH), locked nucleic acid, Helicobacter

pylori, in vivo diagnostics.
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7.1. Introduction

Helicobacter pylori (H. pylori) colonizes the human gastric epithelium, representing the
most common infection worldwide [1]. This infection increases the risk for peptic ulcer
disease, distal gastric adenocarcinoma and mucosa-associated lymphoid tissue
lymphoma [1,2]. Due to its important role in gastric cancer development, H. pylori was
recognised as a carcinogen (class 1) by the World Health Organization [3]. Therefore, a
rapid, accurate and early diagnosis of H. pylori infection is crucial not only for individual
patient management but also to identify individuals at high risk of developing gastric
cancer. Currently, a number of diagnostic methods are available to detect H. pylori [4].
Upper endoscopy allows the collection of gastric biopsy specimens used to identify H.
pylori by histology, culture, rapid urease tests, and PCR-based methods [3]. Therefore,
and with the exception of rapid urease tests, the diagnostic result is not immediately
obtained after endoscopy, requiring time and an experienced laboratory.

Confocal laser endomicroscopy (CLE) allows in vivo visualization and analysis of epithelial
mucosa using 1000x magnification [5]. Some studies have suggested that CLE images of
colonic mucosa have the potential to substitute conventional histological diagnostics [5-7].
However, only unspecific stains, such as fluorescein sodium and acriflavine have been
used for in vivo histology of the mucosal layer [8-10]. For this reason, only indirect
evidence of the presence of H. pylori infection can be observed [11]. Consequently, a
precise and specific identification of this bacterium is not yet possible using this method.
Fluorescence in vivo hybridization (FIVH) can be applied in detecting DNA or RNA
sequences in living eukaryotic cells [12]. Nevertheless, to the best of our knowledge this
method was never employed to detect microorganisms directly in the human body,
possibly due to the peptidoglycan cell wall of the microorganisms that hinders the entry of
the probes into the cell. Nucleic acid mimics such as peptide nucleic acid (PNA), locked
nucleic acid (LNA) and 2’-O-methly-RNA (20Me) have been studied as diagnostic probes
of infectious diseases and are capable of replacing conventional DNA or RNA probes [13].
The key advantages of these mimics are the higher stability in vivo [14-16] and the more
favorable diffusion and hybridization properties than the corresponding unmodified DNA or
RNA probes [17,18]. However, the unsolved question of how these types of probes can be
used to detect clinically relevant bacteria remains. The different approaches that have
been undertaken to develop in vivo diagnostic methods mostly rely on the use of non-
specific stains or label oligonucleotides with radioactive isotopes such as halogens [19-
21].

In Chapter V and VI, it was reported the development of an LNA probe
(HP_LNA/20Me_PS) that specifically detects H. pyloriin biopsies of infected patients, and
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in experimental conditions of extreme acid pH and at 37 °C [22,23]. Still, the performance
of this probe for H. pylori in vivo detection remained unknown.

In this Chapter, it is provided the first FIVH protocol applied to an experimental mouse
model of H. pylori infection, that successfully enables the detection of both free-swimming
bacteria in the protective mucus layer that overlays the stomach surface and bacteria

colonizing gastric epithelial cells.

7.2. Materials and Methods

7.2.1. Oligonucleotide synthesis

The sequence of the probe was selected and synthesized based on the parameters
described in our previous studies [22,23] (Table 7.1).

Table 7.1 - Designation and sequence of probe containing locked nucleic acid (LNA; with L superscript) and
2’-O-methyl-RNA (2’-OMe; in boldface) nucleotide monomers. Cy3_HP_LNA/20Me_PS is a phosphorothioate
oligomer (PS backbones), Cy3 (Cyanine)

Designation
Sequence (10-mer)

Cy3 HP_ LNA/20Me _PS 5'- Cy3 G"ACT-AAG-CCC"-3’

7.2.2. Cell proliferation assay

The human gastric epithelial cell line AGS (ATCC® CRL-1739) was cultured in RPMI
medium 1640 Glutamax | (Gibco, Invitrogen, Grand Island, NY, USA) supplemented with
10% (v/v) fetal bovine serum (FBS, HyClone, Thermo Fisher Scientific, Inc, UK) and 1%
(v/v) Penicillin/Streptomycin (Gibco) at 37 °C in a humidified 5% CO, atmosphere. Cells
were seeded at 1.6 x 10° cells/well in a 96-well plate. After overnight culture, media was
changed and cells were incubated with predetermined concentrations (0.4 uM to 2 uM) of
Cy3_HP_ LNA/20Me _PS probe diluted in vehicle (0.5 M urea and 900 mM NaCl) or only
with the vehicle, for 24 h. Cell viability was assessed by CellTilter 96® Aqueous One
Solution Cell Proliferation Assay (Promega Corporation, Madison, WI), according to the
manufacturer’s instructions. Untreated cells served as a negative control. The

experiments were performed in triplicate.

Fontenete S. | 192



Fluorescence in vivo hybridization (FIVH) for detection of Helicobacter

pylori infection in a C57BL/6 mouse model Chapter VI

7.2.3. VITOTOX®Assay

Briefly, the VITOTOX® model from gentaur makes use of two recombinant Salmonella
typhymurium reporter strains, the TA104 recN2-4 (Genox strain) and TA104 pr1 (Cytox
strain). The Cytox strain expresses bacterial luciferase from Vibrio fischeri, encoded
episomal. A reduction in the signal/noise of the luminescent signal indicates cytotoxicity
and an increase indicates interferences of the compound with the luminescent signal
itself. The Genox strain carries an integrated lux operon from Vibrio fischeri under
transcriptional control of the recN promoter. When a compound is genotoxic, transcription
of the DNA repair mechanism will lead to an increase of the luminescent signal. Addition
of rat liver S9 fraction is used to mimic the mammalian metabolic conditions so that the
mutagenic potential of metabolites formed by a parent compound in the hepatic system
can be assessed [24-26]. The luminescence is measured for 4 hours with a 5 minute
interval period in a plate-reading GloMax® Discover System GMS3000 luminometer
(Promega, Madison, USA) and generally, when the signal to noise ratio in the cytox strain
model is reduced below 0.8, the compound is regarded as cytotoxic for S. typhymurium
and the genotoxicity cannot be studied. When the signal to noise ratio in the genox strain
model is above 1.5, the DNA repair mechanism is activated by the cell as an early
respons to genotoxicity by the compound. The concentrations of Cy3 HP_LNA/20Me_PS
probe tested in this assay were of 0.04, 0.08, 0.2, 0.4, 1 and 2 uM. The compound 4-
nitroquinoline-oxide (4-NQO) (a direct acting base-altering mutagen) and benzo(a)pyrene
(BaP) (indirect mutagen which requires metabolic activation by S9 mix), were used as
positive controls. The experiments were performed in triplicate.

7.2.4. Bacteria and growth conditions

The mouse-adapted Helicobacter pylori Sydney strain 1 (SS1), originally described by Lee
et al., [27], was kindly provided by Sara Lindén (Gothenburg University, Sweden). H.
pylori SS1 was routinely cultured for 48 hours on Tryptic Soy Agar (TSA) plates (Lab M
Limited, Lancashire, UK) medium, supplemented with 5% sheep blood (Oxoid,
Cambridge, UK) at 37 °C under micro-aerophilic conditions (5% O,, 10% CO,, 85% N,),
generated by Whitley H35 Hypoxystation (Don Whitley, West Yorkshire, UK). For liquid
cultures, bacteria were resuspended in Tryptic Soy Broth (TSB) (Lab M Limited,
Lancashire, UK) containing 10% of fetal calf serum (FCS) (Invitrogen, Ghent, Belgium)
and grown overnight at 37 °C, with shaking under microaerophilic conditions.
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7.2.5. Fluorescence in situ hybridization on slides

To determine if the probe Cy3-labeled HP_LNA/20Me_PS detect the H. pylori SS1 strain,
a theoretical evaluation was performed against the 16 S rRNA from this bacterial strain,
using BLAST software (http:/blast.ncbi.nim.nih.gov/Blast.cqi). Then, the hybridization of
the Cy3 HP_LNA/20Me_PS against H. pylori SS1 was studied using LNA-FISH protocol
on glass slides as previously described in Chapter VI, with few modifications. Briefly, 20

uL of H. pylori SS1 liquid cultures were spread onto glass slides and the smears were
allowed to air dry. The hybridization was performed using 20 puL of hybridization buffer
with 0.2 uM of the probe, which covered each smear individually. Three different
hybridization buffers were tested at different pH (2, 4, and 7), containing 0.5M urea (BHD
Prolabo, Haasrode, Belgium), 900 mM NaCl (Panreac, lllinois, USA) and different buffer
solutions to keep the desired pH (pH2:KCI-HCI, pH4:phosphate-citrate, pH7:Tris-HCI
buffer). Smears were covered with coverslips and incubated for 30 min at 37 °C. Slides
were subsequently washed in a gastric simulated juice that contains pepsin for 15 min at
37 °C and then, the slides were allowed to air dry. All experiments were performed in
triplicate and for each experiment a negative control (without a probe) was included. For
image acquisition a Carl Zeiss inverted Axiovert fluorescence microscope (Carl Zeiss,
Jena, Germany) was used. Cy3-labeling was excited by using a 565 nm laser; the
exposure time was fixed for all preparations.

7.2.6. Animals

Female specific-pathogen-free (SPF) from the inbred C57BL/6 (C57BL/6JR;j strain) mice
(n=24) were purchased from Janvier LABS (Le Genest-St-Isle, France). Animals were
housed in 332 x 150 x 130 cm (3 mice) or 382 x 220 x 150 cm (6 mice) autoclaved Micro-
Isolater clear plastic cages, with a ventilation rate of 10 to 15 air changes per hour (ACH),
at 20 °C, 50% humidity and under a light/dark cycle of 12/12 hours, with free access to
standard rodent food pellets (Carfil Quality, Turnhout, Belgium) and water. Cages were
lined with B 8/20 chips for bedding material, and with cardboard tubes and shredded
paper as nesting material for environmental enrichment. Animals were handled by trained
and experienced personnel for routine maintenance and experimental procedures to
reduce stress. To minimize variation in the gut microflora, all animals within an
experimental cohort were bred in the same room and housed on the same rack in a
specific pathogen-free barrier facility. All animal experimentation was performed according
to institutional guidelines and with approval of the local institute review board, in
accordance to the European Directive 2010/63/EU regulations.

Fontenete S. | 194



Fluorescence in vivo hybridization (FIVH) for detection of Helicobacter

pylori infection in a C57BL/6 mouse model Chapter VII

7.2.7. Infection of mice with H. pylori SS1

Female SPF C57BL/6 mice were randomly allocated to 6 groups of 3 to 6 animals (Figure
7.1A). Mice were inoculated intragastrically with two doses of 0.1 mL TSB containing
1x10° H. pylori CFU/mL by oral gavage (with polyethylene catheters attached to 1 mL
disposable syringes, Biotrol, Paris, France). The administration was performed at two time
points, with an interval of one hour, in two consecutive days. In the control groups, mice
were given TSB alone. Mice were fasted from 4 hours before infection until four hours
after oral gavage. Mice were sacrificed by cervical dislocation, 2 weeks post-infection for
collection of stomach and detection of H. pylori by FIVH.

7.2.8. FIVH procedure and assessment in mice

FIVH procedure was performed 15 days post-infection (Figure 7.1A). Cy3-labeled
HyP_LNA/2°OMe probe, diluted in an adjuvant buffer contained 0.5M urea and 900 mM
NaCl), was given by oral gavage at 0.5 uM (group | and group V) or 2 uM concentration
(group Il and group VI) (Figure 7.1B). After 30 min, animals were sacrificed by cervical
dislocation (Figure 7.1A). The stomach of each animal was removed in aseptic conditions
and opened along the greater curvature.

The stomach contents were removed and samples of the mucus were recovered in
coverslips. After that, the glandular stomachs were washed in physiological buffered
saline and divided into tissue fragments representing cardia, body and antrum. Half of the
stomach was used for H. pylori culture. The remaining half of the glandular stomach was
equally divided in two parts. One part was rinsed in PBS with 0.01% NaN; and
immediately frozen in liquid nitrogen in Optimal Cutting Temperature compound (OCT;
Sakura Flnetek, USA) for histopathological examination and analysis of fluorescence.
Tissue cryosections (10 um) were prepared. The other part of the stomach was fixed in
4% paraformaldehyde (PAF, Sigma-Aldrich), for 1 hour, at room temperature. Afterwards,
the tissue was rinsed 3 times for PBS and stored in PBS with 0.01% NaN; at 4 °C, before
being processed and embedded in paraffin. Tissue sections with 3 um were obtained.

The detection of FIVH signal was performed ex vivo in mucus samples, paraffin-
embedded sections and cryosections. Mucus and cryosections were evaluated using a
Carl Zeiss inverted Axiovert fluorescence microscope. Paraffin-embedded sections were
evaluated using a Nikon Eclipse Ti-E inverted microscope attached to a microlens-
enhanced dual spinning disk confocal system (UltraVIEW VoX; PerkinElmer, Seer Green,
UK) equipped with 405, 488 and 561 nm diode lasers for excitation of blue, green and red
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fluorophores, respectively. Images were acquired and processed using Volocity image
analysis software (Improvision, PerkinElmer, Waltham, USA).
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Figure 7.1 — FIVH scheme used for detecting H. pylori in C57BL/6 mice. A. Four control groups with n=3
(group | to IV) were used to evaluate the background of the vehicle (group I) and tissue (group Il) and the
specificity of the Cy3_HyP_LNA/2’OMe probe (groups Il and 1V). Two tests groups (n=6, each group) were
used with different probe concentrations, 0.5 uM (group V) and 2 pM (group VII). B. Animal study protocol
depicting H. pylori inoculation, time of infection in C57BL/6 mice, and FIVH after 15 days post-infection.

7.2.9. Retention of Cy3 HP_LNA/20Me_PS probe in the mouse stomach

To evaluate the retention of the probe in the gastric mucosa, an extra experiment was
performed using a group of mice with a period of 5 days post-infection. The infection
procedure was performed as described in section 7.2.7. Each mouse in the group was
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administered 2 uM of Cy3_HyP_LNA/2°OMe probe through oral gavage. Mice were killed
after 24 hours and the stomach were processed and analysed as previously described.

7.2.10. Evaluation of H. pylori colonization in infected mice

The presence of H. pyloriinfection was determined by viable bacterial counts (CFU,
colony forming units) and histopathological evaluation. To quantify bacteria on stomachs
samples, as a measure of the colonization level, tissues fragments were mechanically
homogenized in 1 mL TSB (TissueRuptor, QlAgen). The homogenates were serially
diluted and then plated in duplicate onto TSA plates, supplemented with 5% sheep blood,
vancomycin (10 pg/mL), trimethroprim (5 pg/mL), amphotericin (5 pg/mL) and cefsulodin
(10 pg/mL) (all purchased from Sigma-Aldrich) and incubated at 37 °C under
microaerophilic conditions. After 5 days of incubation, H. pylori colonies were identified
and enumerated as CFU per gram of stomach.

7.2.11. Statistical analysis

Statistical significance was determined by One-way analysis of variance (ANOVA) using
GraphPad PRISM 5 software (GraphPad Software, San Diego, USA). Results were
expressed as mean * SD. Differences were considered to be statistically significant when
p < 0.05.

7.3. Results
7.3.1. HyP_LNA/2’OMe probe in vitro toxicity study

To address if the Cy3-labelled HP_LNA/20Me_PS probe affects gastric cell viability, a
gastric epithelial cell line, AGS, was incubated with different concentrations of the probe
and evaluated cell viability using the MTS assay. The range of concentrations of the
Cy3_HyP_LNA/2’OMe probe tested on AGS cells, between 0.4 uM and 2 yM did not
affect cell viability, since no statistically significant differences were found for any of the
concentrations tested (p > 0.05) relatively to the untreated cells (Figure 7.2).
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Figure 7.2 - Effect of the Cy3_HP_LNA/20Me_PS probe on viability of AGS gastric epithelial cells using the
MTS assay. AGS cells were treated with a range of concentrations of the Cy3_HP_LNA/20Me_PS probe for
24h (0.4 uM to 2 pM). Results are expressed as the mean + SEM of three independent experiments,
performed in triplicate; No statistical significant differences were found regarding probe-treated vs untreated
control cells (p>0.05 by ANOVA).

7.3.2. Evaluation of genotoxicity of the HyP_LNA/2’OMe probe by VITOTOX®Assay

The possibility of genotoxicity caused by the Cy3_HyP_LNA/2’0OMe probe and possible
metabolites was studied in a VITOTOX® assay from Gentaur [25,26] as shown in Figure
7.3. A serial dilution of the probe was tested ranging from 0.04 uM to 2 uM. The tested
concentrations of the probe did not reduce the signal to noise ratio of the treated cytox
cultures below 0.8 (C in Figure 7.3). This was also the case after addition of the S9 liver
extract in the TA104 pr1 strain, indicating lack of toxicity towards the S. typhymurium
model and enabling to test for genotoxicity. The signal to noise ratio of the luminescence
emitted by the genox strain did not exceeded 1.5 before and after addition of the S9 liver
extract (G in Figure 7.3). At the tested concentrations, the activation of the SOS DNA
repair mechanism and early signs of genotoxicity elicited by the Cy3_HyP_LNA/2’OMe
probe or its possible metabolites could not be observed.
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Figure 7.3 - VITOTOX® assay for detection of signs of genotoxicity caused by the Cy3 HyP_LNA/2’OMe
probe. Results are expressed as the signal-to-noise (S/N) ratio between exposed and unexposed
VITOTOX® test bacteria (Genox or Cytox strain) in the absence or presence of S9 mix. Bap:benzo[a]pyrene,
the positive control, only turns genotoxic after S9 metabolisation.

7.3.3. Fluorescence in situ hybridization (FISH) of Cy3 HP_LNA/20Me_PS probe on
H.pylori SS1 smears

To evaluate whether the Cy3_HP_LNA/20Me_PS probe is able to detect H. pylori SS1

FISH in smears was performed, with different pH values of the hybridization solutions. As

it can be observed in Figure 7.4, a high fluorescent signal was detected in H. pylori SS1

smears at all conditions tested. This is similar to what it has reported in Chapter VI for

smears of other strains of H. pylori [22] with, in which high fluorescence obtained using a

non-fixative protocol.
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Figure 7.4 - Detection of H. pylori SS1 in slides, by fluorescence in situ hybridization (FISH) using the

H. pylori SS1 +
Cy3 HP_ LNA/20Me _PS probe

H. pylori SS1 without
Cy3 HP_ LNA/20Me PS probe

Cy3_HP_LNA/20Me_PS probe at different pH values, analyzed by epifluorescence microscopy. A to C - FISH
protocol performed on smears of pure cultures of H. pylori SS1 incubated with 0.2 uM of probe. D to F - FISH
protocol on smears of H. pylori SS1 cultures without probe used as negative control. A and D - Experiments
performed at pH2. B and E - Experiments performed at pH4. C and F - Experiments performed at pH7. All
images were taken at equal exposure times. Scale bar: 10 pm.

7.3.4. Bacteria colonization of the gastric mucosa in C57BL/6 mice

Before the detection of H. pylori SS1-infecting C57BL/6 mice by FIVH, the efficiency of
colonization in the experimental animal groups was assessed to assure that any
difference in FIVH signal was not attributed to differences in the colonization levels of
bacteria. For that, the bacterial burden was quantified in the stomach of each infected
mice by counting the CFU per gram of stomach tissue (Figure 7.5). At 2 weeks of
infection, all mice had an established infection. No differences in bacterial burden were
found in the stomachs of infected animals, since CFU levels were equivalent regardless of
delivery or not of probe and vehicle. Further, no H. pylori were found in the non-infected
control animals.
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Figure 7.5 — Viable bacterial counts (CFU, colony-forming units) from stomachs of mice infected with H. pylori

SS1 stain for 2 weeks. Scatter plot of CFU for each animal, with bars representing the medium value.

7.3.5. Assessment of H. pylori in the mice stomach by FIVH

Having demonstrated that H. pylori SS1 colonization of C57BL/6 mice was similar in all
animal groups tested (Figure 7.5), the efficiency of FIVH experiments was assessed by
microscopical observation of both mucus samples (surface mucus layer) and mucosa
sections from each mouse. At 2-weeks post-infection, it was possible to observe free-
swimming H. pylori within the mucus (Figure 7.6), as well as attached to gastric epithelial
cells (Figure 7.7 and 7.8), the major locations of H. pylori infection in the stomach [28], as
identified by the fluorescent signal of the probe. Both concentrations of the
Cy3_HP_LNA/20Me_PS probe studied, 0.5 uM (Figure 7.6A and 7.6B) and 2 uM (Figure
7.6D and 7.6E) were effective in FIVH for mucus samples of test groups V and VI. Mucus
samples collected from infected control groups without probe (groups | and Il) and from
uninfected control groups (groups Ill and IV) showed no detectable fluorescence emission
in the red channel (Figure S12).
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Figure 7.6 — Detection of H. pylori SS1 in samples of gastric mucus from mice subjected to FIVH with 0.5 yM
(A and B; group V) and 2 uM (C and D; group VI) of the Cy3_HP_LNA/20Me_PS probe. Samples were
collected and visualized directly using the epifluorescence microscope. Arrows indicate free-swimming
H. pylori in gastric mucus. All images were taken at equal exposure times and are representative of the
respective test group. Channels red, green and DAPI are overlapped. Scale bars: 10 um.

Next, for the detection of H. pylori SS1 in the gastric mucosa of mice, it was used both
cryosections and paraffin-embedded sections of the mice stomach. It has been described
that, although physically less stable, cryosections are generally superior for the
preservation of the fluorescence signals and therefore for detection by microscopy [29].
As it can be observed in Figures 7.7 and 7.8, the detection of H. pylori SS1 infection,
using FIVH with the Cy3-labeled HP_LNA/20Me_PS probe, was successful in both frozen
and paraffin-embedded stomach sections of the infected test groups V (0.5 uM probe) and
VI (2 uM probe).
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Figure 7.7 - Detection of H. pylori SS1 in frozen sections of gastric mucosa from mice subjected to FIVH, 30
minutes before euthanasia. A and B: mice from group V (0.5 uM of the Cy3_HP_LNA/20Me_PS probe), C
and D: group VI (2 uM of the Cy3_HP_LNA/20Me _PS probe). Arrows indicate the presence of H. pylori
infecting the gastric mucosa. All images were taken at equal exposure times, with overlapping of the red,
green and DAPI channels. All the images from each group are representative of n= 6 mice. A and C- scale

bars: 50 um. B and D- scale bars: 10 um.

Although the Cy3_HP_LNA/20Me _PS probe was effective at detecting bacteria at both
concentrations tested, the bacterial morphology was better defined when higher
concentration of the probe was used in the case of paraffin-embedded sections (Figure
7.8C and 7.8D). In paraffin-embedded sections it was possible to detect free-swimming
bacteria in the mucus layer nearby the surface of epithelial cells, as well as H. pylori
adhered to the surface mucus cells (Figure 7.8 A-C. Furthermore, it was possible to
visualize H. pylori colonizing the glands (Figure 7.8B and 7.8D).

A low background in the red channel was observed in infected controls groups (group and
) in cryosections (Figure S13A-D), whereas no detectable red fluorescence emission was
found in paraffin-embedded sections (Figure S13A-B). No red fluorescent signal (non-
specific signal) was observed in non-infected control groups where the Cy3-labeled probe
was administrated without H. pylori (Figure S13E-H for cryosections, and Figure S14C-D
for paraffin-embedded section; group Il and V).
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Figure 7.8 — Detection of H. pylori SS1 in paraffin sections of gastric mucosa from mice test groups subjected
to FIVH with the Cy3_HP_LNA/20Me_PS probe 30 minutes before being sacrificed. A and C. Fluorescence
images of the detection in the surface of the gastric mucosa. B and D. Fluorescence images of the detection in
the epithelium. A-B images obtained from mouse stomachs from group V. C-D images obtained from mouse
stomachs from group VI. Red, green and DAPI channels are overlapped. All the images from each group are
representative of n= 6 mice. A, B and C scale bars: 10 um; D scale bars: 50 um.

To analyze the retention time of the Cy3_HP_LNA/20Me_PS probe in the gastric mucosa
after FIVH, the period post-FIVH was increased from 30 min to 24 hours. The probe was
administrated at a concentration of 2 uM to a group of 3 mice at day 5 post-infection. After
24 hours of the FIVH, mice were sacrificed and the infection was confirmed by counting
the bacterial CFUs (Figure S15), and the stomach of each mouse was analyzed using
fluorescence signal (Figure 7.9). The number of CFUs obtained from the stomach of mice
with a 5 days-infection (Figure S4) was lower than that obtained from mice with a 15 days-
infection. No signal was observed in the red channel in the mucus samples (Figure 7.9A),
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and few bacteria were observed in frozen sections (Figure 7.9B). In contrast, in paraffin-
embedded sections it was possible to detect H. pylori adhered to gastric epithelial cells
(Figure 7.9C), indicating that the probe was retained in the stomach, though the

fluorescence intensity was rather lower (Figure 7.9B-C).

lli
:
b
.

Figure 7.9 —Retention of the Cy3_HP_LNA/20Me_PS probe in the mouse stomach infected with H. pylori
SS1 for 5 days, and subjected to a FIVH period of 24 hrs before being sacrificed. A. Sample of gastric mucus.
B. Frozen section of mouse gastric mucosa. C. Paraffin section of mouse gastric mucosa. Detection of H.
pylori SS1 by the Cy3-labeled probe is depicted by white arrows. A and B: Red, green and DAPI channels
were overlapped. C. Red and DAPI channels are overlapped. All the images from each group are
representative of n= 3 mice. Scale bars: 10 pm.

7.4. Discussion

In the present study, the efficiency of detection of H. pylori was evaluated using in vivo
labeling with a Cy3_HP_LNA/20Me_PS probe directed against the 16S rRNA gene, by
FIVH on a mouse model. C57BL/6 mice were infected for 15 days with H. pylori SS1
strain and FIVH was performed 30 minutes before mice were sacrificed. The results
demonstrated that H. pylori can be successfully detected in the gastric mucosa of mice.
Moreover, the Cy3_HP_LNA/20Me_PS probe showed high in vivo specificity with low
background.

The detection and tracking of molecules in living cells constitute an important field of study
in biology and medical diagnostics. Therefore, efforts have been done to develop specific
methods to target different molecules, such as proteins, mMRNA, miRNA, and rRNA, mainly
based on fluorescent probes [30-33]. Successful detection of fluorescent probes depend
on several characteristics, namely: high fluorescence level and specificity, high in vivo
stability and high spatial resolution [34]. The FIVH term was introduced by Wiegant et al.
in 2010, to described a method to microinject a 2’0OMe probe into live eukaryotic cells in
culture [35]. Later on, other studies have also used fluorescence labeled oligonucleotides
to target or regulate molecules in vivo [32,36-38]. This in vivo labeling methodology can
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be applied to address the challenge of a fast diagnosis of microbial infections in humans.
The aim is to use FIVH in the future, for real-time detection of H. pylori during upper
endoscopy using confocal laser endomicroscopy (CLE) [5].

LNA probes have been applied in vivo mainly for therapeutic purposes [39,40]. To the
best of our knowledge, there are no in vivo studies that use LNA probes for diagnostic
purposes.

Previously, in Chapter VI, it was reported that the Cy3_HP_LNA/20Me_PS probe was
non-toxic at the concentration of 0.2 uM against the gastric AGS cell line [22]. In the
present study, higher concentrations of the probe were needed for in vivo experiments.
Therefore, viability analysis using a range of concentration between 0.4 uM and 2 pM of
the Cy3_ HP_ LNA/20Me _PS probe was performed in AGS cells. Although selected
studies have demonstrated some toxicity associated to LNA probes [41,42], no statistically
significant changes in cell viability were observed within the range of probe concentrations
tested in this study. Further, the possibility of genotoxic effects induced by the
Cy3_HP_LNA/20Me_PS probe was also investigated. According to the results, the probe
was not genotoxic, even at high concentrations. To our knowledge this is the first report
that tests the genotoxicity of LNA probes. Since the VITOTOX® test is known to correlate
very well with the Ames assay, which is essentially a gene mutation assay [43], we can
conclude that the Cy3 HP_LNA/20Me_PS probe does not induce genotoxicity by an
SOS-induction mechanism.

Additionally, the detection of H. pylori SS1 strain by the Cy3_HP_LNA/20Me_PS probe
was confirmed by FISH on smears of pure cultures of this bacterium, using a range of pH
conditions, as well as with a simplified protocol without permeabilization. Although this
step is crucial for FISH in bacterial suspensions as we previously reported [22], it is
dispensable when using bacteria smears. This simplification of the protocol is relevant for
in vivo experiments, since it will reduce animal manipulations, time and toxicity of the
reagents used.

Regarding the in vivo detection of H. pylori, the results have shown that the Cy3_HP_
LNA/20Me_PS probe was effective in detecting H. pylori-infected mice at both probe
concentrations tested (0.5 uM and 2 pM), and in different locations (within the mucus and
attached to gastric epithelial cells). Although we were able to detect H. pylori in the
surface of the mucus samples collected from infected mice, we did not observe a high
concentration of bacteria at this location (Figure 7.6). Contrastingly, a high density of H.
pylori was found in the mucus layer nearby the stomach surface (e.g. Figure 7.8A and D)
or attached to the surface of epithelial cells (e.g. Figure 7.8C and E). This is in agreement
with already published reports [28,44-46]. Schreiber et al., described that H. pylori
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colonizes the mucus layer located 0-25 um above the tissue surface and that the
remaining part of the mucus layer was almost free of bacteria [28]. In fact, one cannot
expect a substantial pool of H. pylori bacteria to be present in the surface of the mucus,
where the pH is low and proximate to the lumen pH, thus an adverse niche for the
maintenance and replication of H. pylori.

We can also conclude that the Cy3_HP_LNA/20Me_PS probe had a good retention 24
hrs post-FIVH (Figure 7.9C) in the stomach lining and was able to diffuse into deeper
regions of the gastric epithelium (Figure 7.8), since it detected H. pyloriin the inner mucus
layer and at the entrance of gastric pits. It is accepted that the presence of H. pylori closer
to the epithelial surface probably facilitates exchanges between the adherent and
swimming populations of bacteria [28,47].

Importantly, and as mentioned above, the naked Cy3_HP_LNA/20Me_PS probe is able to
diffused well through the mucus and is resistant to the extreme conditions of the stomach
without degradation, as it was suggested in Chapter VI [22]. Thus, the stomach
environment, known by a limited permeabilization and retention, was not an obstacle for
the detection of H. pylori using our probe and FIVH conditions.

Improvements in the methodology still have to be addressed in the future in order to
include FIVH in the routine clinical practice. The use of CLE is at the moment limited to
the equipment available in the market that have an excitation wavelength of 488 nm,
which is not compatible with the Cy3 fluorochrome (wavelength around 530-560 nm).
Thus, it will be necessary to modify the fluorochrome of the probe. In Chapter VI [22], it
was shown that fluorescein-labeled probes had low fluorescence when exposed to gastric
fluid juice. Therefore, our future work will comprise selection of a different label not only
compatible with CLE devices, but also that preserves characteristics such as high
brightness, low photobleaching, higher biostability, low toxicity, and a competitive price.
Overall, and although there are still some limitations that need to be addressed, the FIVH
methodology described herein represents a remarkable advance towards the in vivo
diagnosis of H. pylori infection. Adding to the possibility of detecting pathogens in vivo,
FIVH will also allow to localize microorganisms directly within the human body. At the
moment, a large number of studies have associated gut microbiota with different diseases
[49,50], but there are no available technologies to visualize directly the microorganisms
and asses their spatial interactions with other microorganisms and with human tissues.
The application of FIVH would hence allow to complement the knowledge on the
population structure with information about preferred locations of the microorganisms, with
a final goal of better understanding the physical-chemical interactions between all the cells
of the human complex ecosystem.
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7.5. Conclusion

In summary, we have evaluated the in vivo diagnostic potential of an LNA based probe for
the detection of H. pylori by FIVH in an infected C57BL/6 mouse model. Overall, our
results showed that the Cy3-labeled HP_LNA/20Me_PS probe using the developed FIVH
protocol allows the detection H. pylori, both within gastric mucus and attached to gastric
epithelial cells. This holds great promise towards an effective, safe, and immediate
method for in vivo diagnosis of H. pylori infection in human patients, applying a confocal
laser endomicroscope. Moreover, this methodology can be applied to the study of the
detection patterns of bacteria to different anatomic sites that may be relevant during
infection processes and for the identification and localization of different components of

the microbiome.
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8.1. Discussion

H. pylori is the main cause of gastroduodenal ulcers and of gastric cancer [1,2]. An early
diagnosis is fundamental to an effective treatment and cure of the infection before the
development of gastric diseases. As described in Section 1.2 of Chapter |, several
methods can be used to diagnose H. pylori infection. However, there is not a single test
that can be considered the gold standard [3,4]. Consequently, the improvement of the
sensitivity, the elimination of sampling error and the reduction of the time of the diagnosis
will be critical in the development of a more efficient clinical diagnosis method.

FISH is a molecular technique that has been used in clinical microbiology to identify and
detect bacteria. This technique has been demonstrated to be useful for the detection of
pathogens in blood cultures as well as in other clinical specimens [5-8]. The evaluation of
standard DNA FISH as a non-culture-based method to detect H. pylori has been studied
[9,10]. However, as discussed in section 1.5 of Chapter | and confirmed in Chapter 1V,
DNA oligonucleotides are not sufficiently reliable and versatile to be used in robust FISH
methodologies. To overcome these problems, new synthetic monomers comprising novel

chemical modifications with stronger target affinities are started to be used.

Earlier, LNA probes were used for the detection of bacteria using FISH [11,12], but this
nucleic acid mimic remained as one of the less well-studied mimics for FISH applications.
Therefore, Chapter Il focused on assessing which parameters impact the design of LNA

probes. As such, probe length, the introduction of interspersed 220OMe monomers and of
backbone modifications (PS linkages instead of standard PO) were tested for LNA probe
efficiency in H. pylori detection. It was concluded that the hybridization is strongly
influenced by the design of FISH probes containing LNA. Moreover, it was observed that
short LNA probes containing 220OMe monomers and PS linkages in the backbone can
work efficiently at low temperatures.

In order to accurately compare different probes, it is necessary to use systems that are
able to quantify fluorescence, such as flow cytometry. Nonetheless, as many of the FISH
experiments are performed in attached cells (or smears), quantification should also be
applicable to images obtained by microscopy. A few programs and software are already
available to quantify fluorescence from microscope images [13,14], but these methods are
not user-friendly and are in general very time-consuming when several images have to be

studied and compared. Consequently, to allow a quantitative and fast analysis of FISH

performed in bacterial smears, in Chapter Il bioinformatics tools (FISHji) were developed

and integrated in the online platform /mageJ® [15]. Of the 5 developed methods, the
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automatic FISHji 4 and FISHji 5) methods showed the highest correlations with flow
cytometry. Additionally, FISHji 4 and FISH;ji 5 allowed the analysis of a greater number of
images in a short time. Thus, it is expected that these methods can be in the future very

useful for all scientific community.

One of the most challenging aspects of FISH is the design of probes with high specificity
and sensitivity against the sequence target [16]. Specificity can be limited when another
sequence that differs only by a single nucleotide from the target is present [17]. The
specificity of a probe is critical in clinical assays to avoid false positive results. Synthetic
modifications on the probes used in FISH protocols have shown significant improvement
in assay specificity [11,18,19]. Higher binding energies of probe-target duplexes offered
by PNA or LNA probes are an advantage yielding high binding affinities. This
characteristic is crucial for the shorter probe designs reducing non-specific interactions
[20]. Although the advantages of nucleic acid mimics are well-known, a systematic
comparison using LNA and PNA probes to discriminate mismatches in FISH has not been
performed before.

In Chapter IV, and bearing in mind that specificity is one of the most important factors in

FISH, the ability of the different types of nucleic acid mimics to discriminate mismatches

was compared. These assays used both naked DNA/BNA and rBNA in whole cells

(standard FISH) as targets. A specific sequence present in H. pylori and H. acinonychis

was selected, because in this sequence only a central mismatch exists between these two
species. Several probes were designed, including DNA, PNA, LNA/DNA, LNA/2’0OMe and
LNA/UNA probes. LNA-based probes were designed using the results obtained in Chapter
[l. The results showed that both PNA and LNA/2’OMe probes had a high discriminatory
capacity and could be used to develop more robust FISH methods for the detection of
microorganisms. Additionally, it was demonstrated that studies using only naked DNA are
not sufficient to evaluate the specificity of the probes in FISH because they fail to consider
the complex intracellular environment present in in vitro analysis. Furthermore, in this
chapter it was demonstrated that LNA/UNA probes should not be used as short probes in
FISH. The main reason was probably the reduction of T, (T, decrease of 5-10 °C per
UNA monomer) [21]. Consequently, a higher number of LNA monomers are needed to
overcome this destabilization.

An in vivo diagnosis method has to work at human body conditions (e.g.
normotemperature, 37 °C). However, FISH protocols are normally performed at
temperatures between 55 °C to 65 °C [22-24]. In Chapter V, the use of LNA-based probes
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at normotemperature was tested. /n vitro studies using fluorescence microscopy and

cytometry revealed that the smallest LNA/2’OMe probes designed in Chapter Il (10 mer
HP_ LNA/20Me _PO and HP_ LNA/20Me _PS), can efficiently work at 37 °C.
Nevertheless, the probe with the PS backbone showed a higher fluorescence signal
comparatively to its PO counterpart. The use of different Helicobacter spp., H. pylori
strains, non-Helicobacter and clinical isolates allowed to confirm the high specificity and
sensitivity of this probe (HP_ LNA/20Me _PS). Here, was the first demonstration of the
possibility of using nucleic acid mimic probes to hybridize at low temperatures.

To perform hybridization in the gastric mucosa, the probe used in FIVH has not only to
work at normotemperature, but also in the presence of gastric juice and low pH, as
observed in stomach. In Chapter VI, the HP LNA/20Me PS probe was used in a large

range of pH. Additionally, several studies to mimic human stomach mucosa were

performed showing that HP_ LNA/20Me _PS probe can resist at low pH.
Though, in vivo experiments require also non-toxic reagents. Therefore the use a fast and
non-toxic FISH protocol must be developed to be used in vivo. For that reason, in Chapter

VIl a simple FISH methodology which combines high signal-to-noise and high specificity

was developed.

Low stringency hybridization conditions are currently not used in FISH experiments as the
probe can hybridize to sequences which are partially but not entirely complementary to
the probe sequence. In this study, it was shown that although we used low temperature
and high salt concentrations, the HP_ LNA/20Me _PS probe maintains high specificity
and sensitivity. The sensitivity and resolution of fluorescence imaging in vivo is often
limited by autofluorescence or background noise [25]. For in vitro cell studies, results
obtained by confocal microcopy did not revealed unspecific binding and showed the
detection of the internalised H. pylori in case of infected samples. Then, the background
fluorescence of animal cells was not considered relevant. To study the effect of the HP_
LNA/20Me _PS probe in the viability of gastric cells, toxicity studies were performed and
a minimum level death rate was observed. Moreover, additional studies using the Vitotox®

test and described in Chapter VII showed that this probe does not demonstrate in vitro

genotoxicity. These results provided good indications for the potential application of this
probe for in vivo studies.

Because in vitro results do not always reflects the in vivo conditions, animal studies are

pivotal. In vivo studies were performed in C57BL/6 infected with H. pylori SS1 strain as

described in Chapter VII. In this chapter FIVH was performed using 0.5 and 2 uM of HP_
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LNA/20Me _PS probe in infected C57BL/6 mice. A strong fluorescence was observed in
the mice stomach collected 30 minutes after oral gavage in both concentrations tested. In
contrast, the stomachs of the control group of mice that were not infected did not show
fluorescence. Therefore, not only an efficient detection of H. pylori SS1 was observed but
also a specific probe binding. H. pylori SS1 was detected more frequently in the mucus
layer and only a few bacteria have been found attached to the surface of epithelial cells at
the entrance of the gastric pits. This observation is in keeping with the previously
described preferential localization for this bacterium [26,27]. The detection of bacteria in
the gastric epithelium indicates an effective diffusion of the probe through the mucus
layer. Additionally, HP_ LNA/20Me _PS probe showed a good retention in the gastric
tissue after 24 hours.

The selection of the Cy3 fluorochrome was based on the lower background obtained in
tissues. Oppositely, high background signals in the green (488 nm) and blue (358 nm)
channels were observed. So far, all CLE available on the market are equipped with a 488
nm laser, and consequently_it was not possible to use these apparatuses with this
fluorochrome. Although the use of other types of fluorochromes such as fluorescein was a
possibility, as observed in chapter VI, the use of this fluorochrome in extreme acidic
conditions did not provide good results in vitro, and was therefore not tested in vivo.
Other types of fluorescence molecules such as Alexa Fluor® 488 can be used in future in
vivo experiments with detection using CLE. Still, cytotoxicity and genotoxicity evaluation
should be performed before, because to the best of our knowledge no toxicity-related data

exists so far.

CLE with fluorochromes, such as FITC and acriflavine, has shown good results in the
esophagus, gastric, intestine and liver epithelium of both humans and animals for
detection of neoplasias or inflammatory conditions [28-32]. Additionally, the visualization
of bacteria in vivo using CLE has been reported before using transformed bacteria or non-
specific staining [33,34]. Enteric bacteria transformed with a plasmid carrying the egfp
gene (expression of enhanced green fluorescent protein) were identified in the small
intestine of an anaesthetized mouse [35]. Moreover, Wang et al. identified H. pylori-
infected mucosa in the human stomach using fluorescein as a staining agent [34].
Nevertheless, these authors agree that the specificity of fluorescein is low. Although in
vivo experiments in mice performed in Chapter VII may differ for human essentially in
mucus layer, some studies have used CLE in combination with mucolytic agents
(chymotrypsin) to eliminate the slime layer of the stomach and consequently allow better
visualization (from the top layer to 250 um beneath the surface) [34].
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Consequently, the use of specific probes such as HP_ LNA/20Me _PS probe developed
in this thesis could contribute to a more efficient diagnosis of H. pylori infection in an early
stage before the damage of the tissue.
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9.1. General conclusion

The ultimate goal of this thesis was to develop a new FISH methodology able to work in
vivo. Additionally, this work also aimed to improve the knowledge on FISH-based methods
employing other nucleic acid mimics such as LNA, 22OMe and UNA. The novel FIVH
method was directed towards H. pylori, a bacterium that infects half of the world’s
population and is the major cause of gastric carcinogenesis and other gastric diseases.
The first results of this work led to conclude that LNA-based probes are a robust and
specific nucleic acid mimic to detect H. pylori. The flexibility in the design of these probes
allowed the development of a FISH method able to work at normo-temperature and in
acidic environments. In order to analyse the capacity of mismatch discrimination, part of
this work reported the in silico design and development of nucleic acid mimics probes for
the detection of H. pylori and discrimination of H. pylori and H. acinonychis. The PNA and
LNA/2’OMe probes demonstrated high theoretical specificities in vitro. Although obtained
only for the specific detection of H. pylori, these findings are important for the design and
performance of LNA-FISH in other microorganisms, as they provide the first evidence
about the potential use of these oligonucleotides as diagnostic tools.

Given these findings, LNA-based probes were tested in specific conditions, namely low
temperatures and acid pH. Results highlighted the ability of LNA probes to specifically
detect H. pylori under low stringency conditions. Since these results showed that the HP_
LNA/20Me _PS probe performed well in vitro, the next step consisted in evaluating the
probe in vivo using a H. pylori-infected mouse model. The HP_ LNA/20Me _PS probe can
detect H. pylori in vivo, with high specificity and long retention in the gastric mucosa.
Although additional in vivo experiments are necessary to improve the diagnostic efficiency
of the HP_ LNA/20Me _PS probe, this work provides a successful proof-of-concept for
future clinical applications in the diagnostic of microorganisms.

9.2. Future perspectives

Based on the results obtained here, there are some perspectives for future work that
could provide important outcomes to implement this method in clinical diagnostics. The
first one is the time needed to carry out the experiment. As described in Chapters VI and
VIl, the time necessary for the hybridization of the oligonucleotide (approx. 30 min),
should be reduced for in vivo diagnosis in humans. The use of nanoparticles might help in
the delivery and reduce the time necessary to achieve hybridization [1]. Therefore, in the
follow-up of the work described in this thesis it would be of interest to link HP_
LNA/20Me_PS probe with nanoparticles. Although some nanoparticles demonstrated
improvement in the diffusivity properties, they have so far failed in their capacity to
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efficiently penetrate the mucus layers [2]. Additionally, and in order to optimize the
delivery, this probe could also be coupled with site-specific biomolecules recognizing a
target in the H. pylori outer membrane. Consequently, in order to penetrate mucus and
bind specifically to bacteria, different engineered nanoparticles approaches should be
tested.

This method could also be improved by using probes not only for the detection of H. pylori
but also for the identification of clarithromycin resistance. As described in Chapter |, the
resistance to this antibiotic is increasing worldwide, leading to the loss of the efficiency of
the clarithromycin-based H. pylori eradication treatment [3]. The resistance to this
antibiotic in H. pylori is the consequence of mutations in 23S rRNA gene [4]. Essentially,
three point mutations are recurrent: two nucleotide positions 2142 (A2142G and A2142C)
and 2143 (A2143G) in the peptidyl transferase loop. These mutations lead to a
conformational change and therefore decrease the binding of the antibiotic [5].

Finally, it would be of relevance to assess the distribution of the hybridized HP_
LNA/20Me _PS probe in healthy and in infected mice using in vivo molecular imaging
systems, such as CLE. The resolution of the probe equipment used in CLE is 1 um, and
consequently it should be possible to detect and identify H. pyloriin the gastric mucosa in
vivo with this technology [6].

The analysis of the FIVH results could also be improved using non-invasive monitoring
infection models. /n vivo molecular imaging is a developing area that allows generating
pictures of organs and tissues throughout the body at an increased resolution. The
analysis of 3D images of the mice stomach would allow the study of the infection
distribution and also to monitor host response. Multispectral imaging (MSI) fluorescence-
based methodologies (e.g. Maestro In-Vivo Imaging System) can also be used in in vivo

mouse-models [7]. This technology allows imaging of the fluorochromes used in
biomedical research in vivo at emission wavelengths between 500 and 950 [8,9]. In the
way, this type of technology could provide interesting non-invasive data for
complementing the pre-clinical results obtained in this thesis. Additionally, this type of
optical imaging offers the possibility of real-time acquisition where the use of multiple
fluorochromes allow multiplex imaging [10,11]. Therefore, this methodology can be
applied in the future for polymicrobial infections or for targeting multiple species
simultaneously. Although in vivo molecular imaging has turned the corner, there are many
drawbacks that still need to be circumvented, such as finding ways of eliminating
autofluorescence and amplifying the correct signal. The resolution is considered high (25
microns/pixel), but it is not enough to identify single bacteria. Nonetheless, it has already
been used to study infections [12]. The use of new fluorescent agents and labels with
wavelengths spanning the near infrared-emitting spectrum, the use of quantum dot
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technology, or the use of nanoparticles-based fluorochromes with excellent phostostability
proprieties, would allow a better in vivo performance [13]. Additionally, improvements in
the tomographic approach should be performed to allow the detection of signals at depth,
as in the stomach signals may become very diffuse and hard to localize. Even though
non-invasive in vivo imaging technologies still have problems that need to be overcome,
this is a burgeoning field. Specifically, the methodologies focused on fluorescent-based
optimal techniques have unique characteristics, such as high spatial resolution, high
throughput, relative low cost, avoidance of ionizing radiation, and high levels of
multiplexing [7,9,10].

These studies could constitute the basis for the diagnosis of other infectious diseases in
vivo and monitoring host response.
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Figure S1 - Analysis of the correlation between fluorescence intensity (A.U.F.) obtained by microscopy versus
the fluorescence intensity (A.U.F.) obtained by flow cytometry, for optimal hybridization temperatures. The

regression line and the correlation coefficient (r) are displayed for each data comparison. Data are means of
two independent experiments.
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Figure S2 - Quantification of fluorescence hybridization signals from in situ detection of 16S rRNA of H.pylori

with LNA advanced probes. Hybridizations were performed in two different buffers with 50(v/v) FA or 4M urea.

Data are means of two independent experiments A. Cytometry; B. Microscopy, * p<0.05; . ** p<0.01; ***

p<0.001.
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Figure S 4 - Analysis of fluorescence intensities obtained by length of the probe and nucleic acid mimic. A-
LNA oligonucleotide. B- LNA/2’OMe oligonucleotide. * p<0.05.
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Table S1 - Results of thermal denaturation experiments in different types of buffers for different types of
probes and hybridization temperature in H. pylori 26695 strain. The DNA complementary oligonucleotide has
the following sequence: 5-TTCCTCCCGTTTCTGTGTGGTC-3. The DNA reference has the following
sequence: 5- CTGGAGAGACTAAGCCCTCCAA-3'. nd- not determined

Melting temperatures
Medium salt  Low salt buffer High salt buffer

Medium salt buffer

buffer with FA with FA with urea
DNA DNA DNA
Probes analysed DNA $on(ﬂ°%(;ment complement T, complement T, complement Tr,
" () Q) Q)
. REF 62 48 ¢ 48 67
HP_18LNA_PO >85 °C 72 68 >85°C
HP_18LNA_PS 78 66 64 >85°C
HP_18LNA/20Me_PO 81 70 68 >85 °C
HP_ 18LNA/20Me _PS 80 66 42 >85°C
HP_15LNA_PO 79 64 57 >85°C
HP_15LNA_PO_2 65 52 49 69
HP_15LNA_PS 71 62 59 80
HP_15LNA_PS_2 58 49 44 61
HP_15LNA/20Me_PO 79 63 60 >85°C
HP_ 15LNA/20Me _PS 68 58 53 74
HP_12LNA_PO 70 57 47 74
HP_12LNA_PS 62 49 50 66
HP_12LNA/20Me_PO 67 55 51 74
HP_ 12LNA/20Me _PS 59 49 48 65
HP_10LNA_PO 61 49 46 65
HP_10LNA_PS 56 45 43 61
HP_10LNA/20Me_PO 59 47 43 61
HP_ 10LNA/20Me _PS 55 45 43 59
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Figure S6- Fluorescence intensity results of Helicobacter strains (non 26695 (ATCC 700392) tested in this
study. The results represent the positive signal of each sample after the subtraction of the respective control.
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Figure S7- A. IC-HPLC analysis of FAM HP_ LNA/20Me _PS oligonucleotide probe. The spectrum from FAM
HyP-PS without treatment shows similar retention time comparatively to the spectrum from FAM HP_
LNA/20Me _PS oligonucleotide probe after treatment in a pH2 buffer and pH4 buffer. B. Mass spectrum of
FAM HP_ LNA/20Me _PS oligonucleotide obtained by MALDI-TOF. The spectrum from the probe without
treatment is similar to the spectrum after treatment in a pH2 buffer and pH4 buffer.
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Figure S8 - Optimization of hybridization condition of HP_ LNA/20Me _PS oligonucleotide probe in pure
culture of H. pylori strain 26695 (ATCC 700392) at different types of pH A. Optimization of washing step
using a standard buffer or an aqueous buffer during 15 min B. Optimization of hybridization time.
Hybridizations steps are performed using a standard hybridization buffer and a washing step during 15 min
with aqueous buffer. C. Use of different types of hybridization buffer at 30 minutes of hybridization. Buffer 1:
0.1% (v/v) Triton-X, 5 mM of EDTA disodium salt 2-hydrate, 4M urea and 900 mM NaCl. Buffer 2: 0.1% (v/v)
Triton-X, 5 mM of EDTA disodium salt 2-hydrate and 900 mM NaCl. Buffer 3: 4M urea and 900 mM NaCl.
Buffer 4: 2M urea and 900 mM NaCl. Buffer 5: 0.5M urea and 900 mM NaCl. D. Optimization of
permeabilization step. Hybridization step was performed using 0.5M urea and 900 mM NaCl during 30 min.

The washing step used in these experiments was with aqueous buffer during 15 min.
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Figure S9- Detection of H. pylori using the FAM HP_ LNA/20Me _PS oligonucleotide probe, without
permeabilization. Smear of pure culture of H. pylori strain 26695 (ATCC 700392) observed by epifluorescent
microscopy. A-C. Experiment using 200 nM of HyP_PS probe. D-F. Smears without probe were used as
negative control. All images were taken at equal exposure times. Original magnification: 1000x. Scale bar =
10 um.
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Events
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Figure S10- Detection of H. pylori using the red fluorescent HP_ LNA/20Me _PS oligonucleotide probe. A-F
Smear of pure culture of H. pylori strain 26695 (ATCC 700392) observed by epifluorescent microscopy. A-C.
Experiment using 200 nM of HP_ LNA/20Me _PS oligonucleotide probe. D-F. Smears without probe were
used as negative control. All images were taken at equal exposure times. Original magnification: 1000x. G-I.
Relative fluorescence histograms of LNA-FISH targeting H. pylori in different pH for two different assays —

Blue: negative control with no probe; Red: positive sample. Scale bar = 5 pm.
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Figure S11- Detection of H. pylori at pH1 using gastric simulated juice by FAM HP_ LNA/20Me _PS and Cy3
HP_ LNA/20Me _PS oligonucleotide probes. A. FAM HP_ LNA/20Me _PS oligonucleotide probe. B. Cy3 HP_

LNA/20Me _PS oligonucleotide probe. C. negative control.
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Table S2 - Experimental design matrix and corresponding observed results of arbitrary fluorescence intensity

(AUF)
Response:
Run Factor 1: Time Factor 2: pH Fluorescence
intensity (AFU)
1 52.75 4.50 898.00
2 15.50 2.00 613.00
3 52.75 4.50 1064.00
4 90.00 7.00 329.76
5 15.50 7.00 464.58
6 52.75 4.50 984.30
7 90.00 2.00 815.96
8 52.75 0.96 2347.78
9 52.75 8.04 90.49
10 52.75 4.50 217.60
11 0.07 4.50 80.00
12 105.43 4.50 344.26
13 52.75 4.50 215.77
14 52.75 4.50 227.74

Table S3 - Analysis of variance (ANOVA) for linear model. The adequacy of the model was checked using

analysis of variance

Sequential Lack of fit
Model R-square
p-value p-value
Linear 0.0178 0.0001 0.5543
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Figure S12- Analysis of the specificity of Cy3 HP_ LNA/20Me _PS probe and the background in vivo in
samples of gastric mucus from control groups. Samples were collected and analyzed directly under the
epifluorescence microscope. A and B: group I, C and D: group II, E and F: group lll, G and H: group IV. All
images were taken at equal exposure times. Channel red, green and DAPI were overlapping. Scale bars:
10 pm.
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Figure S13- Analysis of the specificity of Cy3 HP_ LNA/20Me _PS probe and the background in vivo in
cryosections from gastric mucosa of control groups. A and B: group |, C and D: group Il, E and F: group Ill, G
and H: group IV. All the images are representative of n=3 mice. All images were taken at equal exposure

times. Channel red, green and DAPI were overlapping. Scale bars: 10 um.

Fontenete S. | 243



Supplemental Material

Figure S14- Analysis of specificity of Cy3 HP_ LNA/20Me and background in paraffin sections of mouse
stomach from control groups. A-B: Background obtained using the vehicle and water from group | and I,
respectively. C - D. Distribution of Cy3 HP_ LNA/20Me _PS probe in mouse stomach of group Il and IV,
respectively. All the images are representative of n=3 mice. All images were taken at equal exposure times.

Channel red, green and DAPI were overlapping. Scale bars: 50 um.
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Figure S15- Quantification of bacterial burden in the stomach of H. pylori-infected mice with 5 days of post-

infection. Bars represent medium values.
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ABSTRACT

The thermodynamics and kinetics of DNA hybridization, i.e., the process of self-assembly
of one, two or more complementary nucleic acid strands, has been studied for many
years. The appearance of the nearest-neighbour model led to several theoretical and
experimental papers on DNA thermodynamics that provide reasonably accurate
thermodynamic information on nucleic acid duplexes and allow estimation of the melting
temperature. Because there are no thermodynamic models specifically developed to
predict the hybridization temperature of a probe used in a fluorescence in situ
hybridization (FISH) procedure, the melting temperature is used as a reference, together
with corrections for certain compounds that are used during FISH. However, the
quantitative relation between melting and experimental FISH temperatures is poorly
described. In this review, various models used to predict the melting temperature for rRNA
targets, for DNA oligonucleotides and for nucleic acid mimics (chemically modified
oligonucleotides), will be addressed in detail, together with a critical assessment of how
this information should be used in FISH.

Keywords: DNA, peptide nucleic acids (PNA), locked nucleic acids (LNA), nucleic acid

mimics.

Definition list: Ea: activation energy; FA: formamide; FISH: fluorescence in situ
hybridization; G: gibbs free energy; H: enthalpy; LNA: locked nucleic acid; NN: nearest-
neighbour model; PNA: peptide nucleic acid; RMM: retrained mechanistic model; S:
entropy; Ty: hybridization temperature;Tm : melting or mid-transition temperature; 2’OMe
RNA: 2’-O-methyl nucleotide .
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1. General Concepts

Fluorescence in situ hybridization (FISH) is a powerful molecular method with widespread
use in environmental and in medical applications for the identification, visualization, and
quantification of organisms of interest in microbial communities [1-6]. The FISH procedure
is based on the detection of nucleic acids sequences by a fluorescently labelled nucleic
acid probe that hybridizes specifically to complementary target sequences within intact
microbial and animal cells [7]. It involves five major steps: fixation, permeabilization,
hybridization, washing and visualization. Fixation and permeabilization is typically joined in
one operation with the objective to render the cell wall permeable to the nucleic acid probe
entry, while, at the same time, guaranteeing that cell lysis and extensive nucleic acid
degradation will not occur. During hybridization, the probe is placed in contact with the
target cells, and if complementary (or near-complementary) sequences are present,
hybridization will take place. The specificity of this binding event, i.e. the ability of the
method to discriminate the target organisms from the remaining cells, is further ensured
by a washing step where all loosely-bound probes are washed away. Specificity can be
theoretically predicted using 16S rRNA comparative sequence analysis, as probes are
designed to confer a required level of taxonomic specificity (e.g. species, genus, class),
and then implemented in the laboratory by optimizing the hybridization and washing
conditions [8]. Finally, visualization by either fluorescence microscopy or flow cytometry
allows the researcher to observe if successful hybridization has occurred.

A successful hybridization is dependent on several factors such as the conditions at which
the hybridization step is carried out and the ribosomal content of cells [9]. The effect of
ribosomal proteins, the affinity of the probe and technical factors like the type of
fluorophore used, and the microscope’s optical quality are also very important [5,9-11].
Due to this large number of factors involved, the development of new FISH procedures
remains highly empirical and time-consuming. One of the ways to decrease the effort
associated with method development is to be able to predict under what conditions a new
probe will work. For instance, if a suitable mathematical model is available that allows the
researcher to predict the temperature at which the hybridization step should be carried
out, the need for trial-and-error experiments where several temperatures are tested can

be avoided or at least minimized.
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When FISH first appeared, most studies were performed at the same temperature (46 °C)
during the hybridization step [12-14]. This temperature was maintained constant by testing
different probe designs and altering the concentration of a denaturing agent, such as
formamide, in the hybridization solution. The arrival of multiplex methods (the use of more
than one probe in the same experiment to detect multiple microorganisms), together with
a better understanding of the hybridization mechanisms, changed this approach. Because
in a multiplex experiment probes have to operate at the same temperature and
concentrations of denaturing agents, now researchers tend to try and predict the
temperature at which the probes will work based on the sequence of the probe and taking
into account the compounds of the hybridization solution used in the experiment [15-17].
However, to date, there are no mathematical models that can accurately predict the
optimal hybridization temperature (Ty) for a given oligonucleotide probe. As such, the
more easily calculated melting or mid-transition temperature (Tm ) of an oligonucleotide is
calculated instead [18]. Tm can be defined as the temperature at which half of the
nucleic-acid strands are forming a duplex and the other half are single stranded, i.e. the
temperature at which the dissociation factor is 0.5 [19]. Typically, Tm is used as an
indication for the hybridization temperature, but the relationship between these
temperatures has not been clearly defined in the literature. It appears sensible to state,
however, that for hybridization to occur as efficiently as possible, it would be desirable that
all targets sites have bound probes. It hence follows that Tm overestimates Ty by a value
that is related to the slope of the melting curve and to the dissociation fraction that is
considered acceptable for the FISH procedure (Figure 1). For strands that are not
completely complementary, i.e. that contain one or more mismatches to the target
sequence, it is usually desirable that the dissociation factor is close to 1 at the
hybridization temperature.

Examining Figure 1, it would be reasonable to consider that the hybridization would be
successful if it was performed at a temperature equal or lower than the Ty. However, in
the initial state of the dissociation fraction curves, the nucleic acids are already in the
duplex configuration, and as such do not require energy - so called activation energy (Ea)
- to form a duplex. FISH, on the other hand, starts with two single stranded strands that
will require Ea to hybridize [20]. This implies that low temperatures will make the
hybridization process very slow, and consequently there is a narrow range of Ty at which
FISH will provide satisfactory results. This narrow range allows researchers to increase
the temperature to minimize non-target hybridization, if specificity is an issue, whereas the
opposite may be true if sensitivity is the biggest issue.
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Figure 1 - Melting temperature (Tm) and dissociation fraction curves are showed for completely
complementary strands (DNA duplex) and for strands with one mismatch (DNA duplex mismatch). The
hybridization temperature (Ty) is presented as the hybridization temperature for DNA duplex and Ty (mm)
represents the hybridization temperature for the DNA duplex containing one mismatch (DNA duplex
(mismatch)). The values used to design the curves are hypothetical.

Tm is intrinsically related with other thermodynamic properties such as the Gibbs Free
Energy (G). This energy is a thermodynamic quantity which can be used as an indicator of
whether a reaction is thermodynamically favourable or not. When AG is negative (AG<0)
the reaction will be favourable or spontaneous, and the more negative the value the more
favourable is the reaction. An estimation of these parameters (and also their correlation)
can now be obtained by the nearest-neighbour model (NN), which relies on the
assumption that the stability of a base pair depends on the identity and orientation of the
adjacent base pair (neighbour base pair) [21,22]. While very useful, the NN model was
developed to deal with the thermodynamics of nucleic acid hybridization in general, and
does not take into account all parameters and chemical compounds involved in the
hybridization step of a FISH procedure.

Here, we will critically review existing models for prediction of the Tm value and describe
corrections (e.g. for salt and formamide constituents) that exist to approximate the
theoretical model to the chemical micro-environmental conditions of typical FISH
procedures. Most of the modelling work and FISH procedures have been developed for
DNA probes, and as such we will start by reviewing models for DNA molecules.
Nonetheless, DNA probes in FISH are being replaced by better performing nucleic acid
mimics, such as peptide nucleic acid (PNA) and locked nucleic acid (LNA). Consequently,
the existing models for these novel types of mimics and respective corrections will also be
presented. Furthermore, while in the microbiology area the probe target is mostly a RNA

molecule, the existing Tm models were originally developed for a DNA target. While some
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of these models have been adapted to RNA [23,24], we decided for consistency to
present first the models targeting DNA and only afterwards, when available, mention the
adaptations for RNA. The last section of the review compares the predicted values of Tm
against Ty obtained in the laboratory and provides some explanations for observed
discrepancies and suggestions for future work.

2. Melting temperature prediction of oligonucleotide probes
2.1. Melting temperature of DNA duplexes and DNA:RNA hybrids

The prediction of a precise Tm for DNA duplexes was an early concern of many
researchers (Figure 2). In 1962, Marmur had already proposed a simple formula to predict
this temperature from the GC content of a sequence (Tm = 4GC+2AT) [25]. However, this
model is simplistic because it only considers the type and number of nucleic acid bases of

a sequence.

Timeline| Major milestones in DNA and nucleic acid mimics

LNA synthesis by
Jesper Wengel and
Takeshi Imanishi

Oweczarzy et al determine
a set of NN parameters

Giesen et al publish
the formula for thermal

stability prediction of
PNA-DNA dupl

for prediction the stability
and mismatch discrimination
of LNA-DNA duplexes

Pioneer nucleic acid duplex
stability prediction studies PNA synthesis by
by Borer et al Peter E. Nielsen

DNA discovery by
Watson and Crick

1998 2004 2011

1953 1962 1974 1981 1991 1996

Marmur’s formula
for Tm prediction:
Tm =4GC + 2AT

Gotoh & Tagashira et al
publish a set of NN
parameters for DNA

duplexes stability prediction

McTigue et al determine
a

thermodynamic parameters
for LNA-DNAduplex formation

Santalucia et al publish
an imp d NN p
set for DNA duplex stability
prediction

Figure 2 - Major milestones in DNA and nucleic acid mimics.

In order to improve from the previous equation, various studies have reported
thermodynamic values for calculating DNA stability from the order of bases within a
sequence based on the NN model, and several NN parameter sets for predicting DNA
duplex stability are described in the literature [26-28]. From all these parameter sets, the
NN parameters published by SantalLucia et al. [18] are the most commonly used for the

calculation of thermodynamic values.

The NN model starts by assuming that enthalpy (AHo ) and entropy (A5° ) are
independent. It is then possible to determine the AG® for nucleic acid duplexes of different
lengths as a sum of 2 base pair duplexes (AG°%). The AG°; value is obtained through
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equation 1 using AHo and ASe values ((T is in Kelvin, AHo s in cal.mol™ and A5e s in
units of cal K" mol™)[18].

AGS _ AH®-TAS® (1)

A derivation of equation 1 can be used to determine the Tm on the basis of the
thermodynamic parameters. In fact, Tm (°C) may be calculated by equation 2, where R is
the gas constant 1.9872 cal/K - mol, C: is the total strand probe concentration (mM) and x
is the symmetry factor (where x is equal to 1 for self-complementary oligonucleotide
duplexes and equal to 4 for non-self-complementary oligonucleotide duplexes) [18].

T < AH® X 1000/(AS° + R X In(C,/x))-273.15 2)

The deviation of this model has been estimated to be 2.3 °C for DNA duplexes but so far
efforts to obtain a better model have been unsuccessful [18,29]. This model can also be
used for DNA:RNA duplexes by simply adapting the NN parameters for this type of
situation with an average error of 0.6% [23].

2.2. Melting temperature of PNA:DNA duplexes

PNA is an uncharged synthetic DNA analogue which is resistant to nuclease and protease
degradation. PNA forms various hybrid complexes such as PNA:PNA, PNA:DNA and
PNA:RNA duplexes, and PNA:PNA:PNA and PNA:DNA:PNA triplexes [30]. Due to its
thermodynamic characteristics, PNA presents several advantages for FISH experiments.
For instance, PNA:target duplexes proved to be more stable under physiological salt
conditions and to have more favourable hybridization properties than the corresponding
unmodified DNA or RNA duplexes [31-33]. PNA probes can be shorter than nucleic acid
probes due to their enhanced binding properties [34], and, because PNA is an uncharged
oligonucleotide analogue , it has a higher capacity of penetrating untreated bacterial cell
walls than their negatively charged nucleic acid counterparts [35]. Due to its neutral
charge, PNA has very high affinity for DNA/RNA due to the lack of charge repulsion of the
peptide-like backbone [31,36,37]. The higher specificity and sensitivity have been
exploited in order to develop several diagnostic applications [38-40] .

Several authors have described that the higher Tm of PNA-containing duplexes depends
on the sequence and length of the duplexes [37,41] and generally can be explained by an
enthalpy increase [41]. Theoretical predictions of the thermodynamic behaviour of
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PNA:DNA duplexes have employed NN values and empirical thermodynamic parameters
[42]. Since these models were initially built for Tm prediction of DNA:DNA duplexes, not
surprisingly they proved inaccurate when applied to PNA:DNA duplexes [42]. Accordingly,
these models are also not applicable to predict accurate PNA Ty values. It was therefore
necessary to determine a new set of thermodynamic parameters to represent the average
contribution of each PNA base in order to be able to accurately predict the Tm values for

PNA-containing duplexes [41].

In another approach, Giesen et al. [37] developed an empirical formula based on the Tm
value as calculated for the corresponding DNA:DNA duplex [19]. This formula includes
terms for the pyrimidine content (f,, and length of the PNA (equation 3).

T

Mpred = C0+C1><T

mumpna T €2 X fpyr + €3 X length (3)
The constants were determined to be ¢, = 20.79, ¢, = 0.83, ¢, = -26.13 and c; = 0.44.

However, the thermodynamic values calculated from the above mentioned models are not
nearly as accurate as values calculated from the DNA duplex models [37,42], likely
because PNA models have been much less studied than their DNA counterparts.
Therefore, the development of a more accurate thermodynamic model for PNA is a priority
to be able to predict more accurately not only hybridization reactions of PNA:DNA

duplexes but also PNA:RNA duplexes.

2.3. Melting temperature of LNA:DNA duplexes

Locked nucleic acid (LNA) is another nucleic acid mimic that has recently began to be
used in FISH [15,17,43,44]. The pentose ring of LNA nucleotides is conformationally
locked in a C3’-endo/N-type sugar conformation by an O2’ to C4’ methylene linkage
[45,46], and has been used as an antisense molecule both in vitro and in vivo, exhibiting
very high affinity and specificity toward complementary DNA and RNA [43,47,48]. The use
of LNA residues in oligonucleotides allows the stabilization of the duplex during the
hybridization and permits a more sensitive detection [17]. Additionally, this stability is
evident in biological media where only the presence of three LNAs at the 5’ and 3’ ends is
enough to increase the half-life of the oligonucleotide [49]. LNA has important advantages
comparatively to PNA, namely the possibility of being synthesized using conventional
phosphoramidite chemistry which allows automated synthesis of chimeric oligonucleotides
such as DNA+LNA or LNA+RNA. Additionally, PNA probe synthesis is limited in terms of
length and sequence, which increases the difficulty of designing PNA probes with enough
specificity [50]. For this reason, LNA probes offer high design flexibility comparatively to
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the PNA probes. The introduction of LNA into an oligonucleotide raises the Tm of the
hybrid, depending on the length and the position in the oligonucleotide. It has been shown
that the number of LNA substitutions needs to be optimized to allow a higher hybridization
efficiency and specificity [17,51]. It also been proved that single LNA modifications in the
inner positions of the duplexes has equal effect on the stability, in spite of the chemical
nature of the LNA nucleotides used [47,52]. However, the additive behaviour of multiple
LNA substitutions was only observed if the LNA nucleotides were separated at least by
one 2’-O-methyl nucleotide (22OMe RNA) [53]. Similarly, LNA/DNA probes in which LNA
and DNA nucleotides alternate have shown strong increase of affinity [17]. However, the
thermodynamic origin of LNA’s enhanced base pairing stability has not been clearly
delineated, although it has been suggested that decreased entropy of duplex formation
and improved stacking in the duplex both play a part [54].

Similarly to PNA, LNA parameters differ from the DNA parameters used in the NN models,
but several authors, such as McTigue et al. [55] and more recently Owczarzy et al. [54],
have determined a set of unique LNA parameters that could be used for prediction of
thermodynamic parameters of the hybridization of LNA oligonucleotides to their all-DNA
complements. McTigue et al have determined the thermodynamic parameters for the
hybridization of DNA oligonucleotides with a single LNA nucleotide to their all-DNA

complements [55]. The variation in the enthalpy parameter due to the LNA nucleotide (

44H °) was estimated by the equation below:

AAH® = AH°LNa+DNA:DNA-AHDNADNA (4)

Where LNA+DNA:DNA refers to the duplex with a single LNA nucleotide incorporated in
one strand and DNA:DNA refers to the reference DNA duplex. The AAS®, AAG;, and AATy
can be obtained by analogous expressions. After evaluating the accuracy of the
experimental parameters in the test set of oligonucleotides, the authors combined the data
of all the 100 oligonucleotides used and derived a 32 NN thermodynamic parameter sets
for LNA incorporation [55] (Table 1 and 2). The 32 NN parameter set gives a prediction of
the T, of a new single LNA-substituted sequence. To use it, the AH° and AS° of the
corresponding all-DNA duplex is calculated using the already described DNA parameters
[56]. Then the AAH° and AAS® values from the 32 NN set for the two LNA NN pairs are
added and the T, calculated using equation 2. According to the authors, the sets of
AAH°, AAS° and AAG;, parameters for all the 32 possible NN for LNA+DNA:DNA
hybridization provides T,, estimates accurate within 2 “C for oligonucleotides containing a
single LNA nucleotide.
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Table 1 - Models from the literature for T, prediction of an oligonucleotide

Models for T,, prediction

Units

Characteristics

Authors/Studies

T,,— AH°/(AS° + RIn(C4 — Cg/2))

Use for non-self-
complementary
oligonucleotides
duplexes, if the
strands are
different

concentration

[22]

T, AH°/(A + AS2y + R1In(C,))N73.15

Including all the
changes between
self-
complementary

and

non-self-
complementary

oligomers

[57]

Ty = (AHduplex+AHnuc)
Cr
/ (R In (;) + ASgupiex

+ ASnuC>

AH (cal/mol); mS (cal.mol "' .K™");Ct (uM)

Duplex sequences
as a function of
strand
concentration

[58]

T, AH° x 1000/(AS°
+ RIn(C./x)) — 273.15

AH (kcal/mol); (S (cal.mol ' .K™);Ct
(mM);R(cal/K-mol)

Use for self and no
self-
complementary
oligonucleotides
duplexes, where x
equal 1 or 4

respectively

[18]
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Table 2 - Different models for AG prediction existing in the literature for an oligonucleotide

Models for AG prediction (cal/mol) Characteristics Authors/Studies

0 0 _ 0
AGr- AH™ —TAS Use at a different

4o temperatures (when AH
AH (cal/mol); (S (cal.mol = .K");T (K) [18]
and AS are temperature

independent)
AG° 1=AH® gupiex - TAS® duplex For DNA/RNA duplexes [59]
AGaupiex = Xij Nij(AH;; — TAS;;) Use for duplex stability [58]
AG® | mismatched = AG® 1, perfect complementary + When a mismatch form 159]
AAG® is present.

For probe dissociation
AG® [FA] = AG® oo, + mi[FA] with increasing [59]

formamide percentage.

AAGO1 — AGO ( 5'“3]/3'
3AMY Cs
(AG"( 5af3 ) If a mismatch forms a
3@cfes trinucleotide. [20]
Yy
3PYs

Although this study presented important progress on LNA thermodynamics, the LNA
parameter set is incomplete because most probes have more than just a single LNA
incorporation. For instance, a triplet of LNA nucleotides appears to maximize mismatch
discrimination and improves single-nucleotide polymorphism assays [60], genomic DNA
sequences can be selectively captured by fully LNA-modified probes [61], and LNA
incorporations induce higher specificities increasing the mismatch discrimination of FISH
probes [17]. In fact, using values determined experimentally and from previous NN
parameters [18,55], Owczarzy et al establish a new set of NN parameters that represent
the effects on thermodynamic parameters of consecutive LNAs nucleotides (table 1 of
reference [54]). Since these values represent deviations from native DNA duplexes in
order to calculate the total enthalpy of a LNA-modified sequence, one predicts the
transition enthalpy for the native DNA duplex (AH°) and adds the differential parameters
(AAHP) to take into account the LNA-mediated effects (equation 5).

Npp—1

AH° =Y

il TAH® g + AH® iy + XV AAH® (5)
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To simplify the calculation of thermodynamic values, Owczarzy et al (2011) presented a
full set of thermodynamic parameters for consecutive and isolated LNA modifications
(table 2 of reference [54]. Instead of having to calculate the thermodynamics of the native
DNA duplex and then add the differential parameters caused by the LNA modifications,
Owczarzy et al (2011) combines the parameters of an isolated LNA modification (table 4
of ref [55]) or consecutive LNA modifications (table 1 of reference [54]) with the
corresponding DNA NN parameters (table 1 of reference [18]) which gives full NN LNA
parameters. The full set of NN parameters allows a faster calculation of thermodynamic
values involving an LNA-modified sequence. Similarly for PNA, there are no parameters
for LNA:RNA duplexes and as such it is expected that these models present many
deviations from the reality.

3. Models currently available to make reaction parameter corrections that affect
the variation of Tm
In Section 2 we have described the more commonly used models for the theoretical
prediction of the melting temperatures for DNA, PNA and LNA probes. These models
provide an approximation of the possible behaviour of the probe in study, however the
results are far from being precise, partly due to the fact that these models do not consider
the effects of several compounds used in the FISH procedure that have crucial influence
in the hybridization. Having this in mind several authors have proposed models to predict
the effect that these parameters have on the Tm values. As before, these models are
mostly developed for DNA probes and only very limited adaptations for nucleic acid

mimics exist.

3.1. Models used for hybridization with DNA probes

The denaturing agent formamide (FA) and sodium ions are two of the most important
ingredients used in FISH reactions with DNA probes, and are also two of the most likely to
impact hybridization temperature.

3.2. Effect of formamide on the stability of duplex

FA is used to adjust the stringency of the hybridization. It acts by allowing a more exposed
surface in the molecule, leading in turn to a thermodynamically more favourable reaction
[20]. Earlier studies suggested that this effect of FA was due to its ion-solvating power
[62,63] and the ability to increase the solubility of free bases [62]. In fact, by increasing
the hydrophobic character of the solvent, the activity coefficients and free energies of the
bases were decreased, favouring the denatured state [64-66]. Initially, it was
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demonstrated that the T, of DNA duplexes decrease linearly by approximately 0.65°C per
volume fraction (x100) of FA ([67-70]. However, these earlier studies consider the effects
of FA independent of base content of the DNA.

Consequently, it is necessary to achieve the optimal denaturing conditions that allow
specific hybridization. Some studies determined these conditions based on FA
dissociation profiles, which show the variation of brightness of hybridized cells with the
change of FA concentration [20]. These FA curves allow the determination of melting
points and can be used to compare models prediction with experimental results [71].
Yilmaz (2006) has developed a FA-based probe dissociation model where the AG® values
for each reaction in the equilibrium model must be obtained for different FA
concentrations. The changes in AG° values are obtained with equation 6, where the “m-
value” is used to formulate the linear relationship between FA concentrations and the AG°

values.
AGOi [FA] = AGOi’O % + m,[FA] (6)

However, this model is independent of the sequence, although it has been demonstrated
previously that the FA effect is dependent of base content of the DNA [72].

This model was improved by Wright et al. (2014), through the use of a retrained
mechanistic model (RMM). The RMM model was developed based on the improvement of
the prediction of FA curves for perfectly matched hybrids, using new thermodynamic
calculations and data sets. These data sets were calibrated and validated on 106 probes
targeting five different organisms [71]. Therefore, the prediction of hybridization efficiency
is defined by the ratio of probe-bound rRNA molecules ([PR]) to total rRNA ([R]e)
(equation 7).

@ = [Plo Koverall
[R]o 1+[PloKoverall (7)

This ratio is related with the overall equilibrium constant ( Koveratz ) and the molar

concentration of probe used ([Ple). The Koverall constant (equation 8) is further defined
as a function of three AG° changes (i=1,2,3) representing the reactions for probe:target
duplex formation, probe folding, and target folding, respectively.

AGYy,-m1[FA]

exp (-1 ®)

Koverall - 0 0
AGO, —m;y[FA 269, -m3[FA
[1+exp<——1%R:lz[ ])][1+exp<——1% mal ]>]

RT
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In this equation, R is the ideal gas law constant (1.99X107® kcal/mol K), and T is the
hybridization temperature in K.

In order to improve predictions of formamide denaturation in FISH another approach was
used from the same authors for microarrays hybridizations [73], the single-reaction
computationally model (SRM) [71]. The SRM model converts the AG values from
DNA/RNA NN rules to a specific AG using a linear relationship with only two parameters,
instead of 17, and was considered the best model in predicting the melting point, with the
error being less than 10%. Nevertheless, because SRM cannot predict probe affinity, the
authors use in parallel RMM to predict hybridization efficiency as a function of FA (with
predicted AG° values and known probe concentration).

The effects of FA in complementary duplexes containing mismatches are still poorly
understood. It is known that an optimal range of FA concentrations enhance the mismatch
discrimination due to the occurrence of a more rapid discrimination in duplexes with
mismatches [59]. Therefore, the mismatch discrimination in FISH can be associated with
how much the mismatches change the FA dissociation profile of a probe comparatively to
that obtained with a target microorganism [74].

Finally, it is important to mention that several studies proved that different denaturants
could replace FA (e.g. urea, SDS) [15,17,75], and have showed that the use of FA is not
always beneficial for the best outcome of the FISH procedure [76].

3.3. Effects of mismatches on melting temperature

The appearance of mismatches leads to a less favourable free energy binding when
compared to the original and perfectly sequence-matched duplex [77] with a decrease in
the efficiency of the reaction. This phenomenon is purely chemical, since the loss of
connections and the surrounding area of the mismatch are matched with a more rigid
structure forming a not so perfect duplex [77]. Increasing the size of the probe is usually
performed in an attempt to create a higher affinity with the target sequence. However, this
elongation can increase the nonspecific binding of the probe, leading to small
mismatches. Therefore the systematic characterization of mismatches stability is an
upmost requirement in FISH. However, this is a complicated process due to several
variables associated with this particular parameter and uncertainties in the estimation of it.
According to the NN model, the “G” base is the one which will have the tendency to form
the highest number of mismatches, while the “C” base has the most propensity to form
very few mismatches [18]. Therefore, the stability predictions could help determining false

positives, consequently foreseeing the published probe specificity.
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The quantification of the effect of internal mismatches is therefore important to understand
the cross-hybridization effect, which could have some practical consequences for optimal
probe design [78]. The calculation of the AG0 1 | in equation 9, is essential to determine
the duplex stability.

AGe 1,mismatched = AGe 1, perfect complementary + AAGe 1 (9)

The difference in AGo 1 | referred as AAGo 1 | represents the effect of stability mismatch

on the duplex DNA:RNA. Subsequently, the AAGo1 needs to be calculated to
incorporate single mismatches into the theoretical framework. The NN theory suggests
that the stability of a mismatch is dependent of the mismatch type and the base pairs
adjacent to the mismatch [79].

The screening of FISH probes for potential non-target bindings against a large rRNA
databases of rRNA sequences is crucial to reduce the number of candidate probes before
undertake laborious experimental validation process. There are some programs that can
be used to help in this process, such as ARB software. ARB, provide a prediction of
mismatch stability, where a weighted mismatch score is calculated based on the type of
mismatch and the relative perfect match [80]. Yilmaz et al., compare the mismatch scores
obtained by this software with the experimental results of the effect of single mismatch on
FA dissociation profiles. Although the authors agree with the importance of stability
predictors to evaluate the specificity of probes, they reefer that the parameters of ARB
should be improve [74]. Additionally, this software does not consider insertions and
deletions sites, which can outcome false positive FISH results if the AGo of the loop
structure is less than 4 kcal/mol [81]. The software tool LoopOut allow the screening of
FISH probes for non-target binding containing single nucleotide insertions or deletions.

This tool generates all possible insertion/deletion combinations and the theoretical AGo

AG

] . ]
and “Cuige values for each variant for a FISH probe. =“ruige values were calculated

based on the following equation 10 and 11 for pyrimidine and purine bases, respectively

[82].
AGpyige = 3.9 + 0.1 AGyy, keal/mol (10)
AGpyige = 3.3 + 0.3 AGpy, kcal/mol (1)

AGayn is the calculated free energy of the neighbouring base pair of the bases flanking
the bulge [82]. Several correlations to these models can also be applied according with
the type of insertions/deletions [81-83].
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Even though several approaches have been analysed to characterize mismatch stability in
FISH, this is a very complex subject. The use of different microorganisms with
mismatches on the target site, lead to a different AGo values for the target site, and
makes the calculation wuncertain [74]. Therefore, experimental and theoretical
methodology should be combined to obtain more accuracy results.

The improvement of the specificity of FISH probes has been investigated. One of these
approaches is the application of dual probes with distinct fluorophores. These probes
should be design to have similar melting points and a mathematical modelling study
should be determined to analyse the potential false negative results based on mismatch
thermodynamics [71]. The increase of stringency conditions (e.g. higher FA
concentration) [20,84] and the use of unlabeled competitor probes (Kirschner et al.,
2012,[85] are other strategies used to minimize the cross-hybridization with mismatch
non-targets and enhanced the fluorescence signal. However, the use of stable DNA
mimics it is a simpler approach to help to overleap the mismatch problem. Although
several studies have already found that destabilization occurs in the presence of
mismatches in both DNA:DNA, PNA:DNA and LNA:DNA duplexes, the ability of
discrimination of nucleic acid mimics is usually higher than when only DNA is used
[31,86-88].

3.4. Effects of sodium on prediction of melting temperatures

The relationship between sodium ion concentration and Tm of a DNA duplex has been
widely studied with several algorithms [22,56,58], with the algorithm developed by
Owczarzy et al. (2004) being the most accurate. According to this model, the Tm
calculation can be adjusted to the salt concentration trough equation 12, however DNA
concentration and the sequence length are not considered [89].

L _ 1 4 (429f(G.C) — 3.95) x 105 InN2'l2 4 940 x 10-6(In2 [Na*], — In2[Na*], )
Tm@) Twm@) [Nat]y

(12)

In sum, despite the existence of various models for T, value prediction and correction
parameters, they were not developed for FISH, they are not accurate enough for this
specific application. In fact, the model for DNA duplexes proposed by Santalucia et al.
[18,19] is still one of the most used.
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3.5. Models used for hybridization with PNA probes

The influence of the different parameters in FISH using PNA probes is well known. Some
authors reported the change in solubility associated with T, values in duplexes of PNA
[90]. It thus seems that differences in hydration of PNA:DNA duplexes can severely
influence the duplexes stability [33].

The influence of sodium ion on PNA hybridization has been controversial. Some authors
described that the concentration of sodium ion has an influence on thermodynamic
parameters (Griffin and Smith, 1998) while other studies reported no significant effects of
the ionic strength on the stabilities of duplexes of PNA [33,91].

In particular, the stability of PNA duplexes is dependent not only on the percentage of GC
content but also on the purine proportion present [37]. This occurs because PNA:DNA
duplexes containing a pyrimidine-rich PNA strand are enthalpically disfavoured in solvents
like water [33].

Although several thermodynamic models have been described these models are mostly
incomplete, very complex and principally do not include the most important parameter in
FISH experiments, as FA. Therefore more studies including PNA components is needed
in order to develop a simple model capable of predicting complete thermodynamic values
of PNA-containing duplexes.

4. Software for thermodynamic prediction

There are different online programs which use thermodynamic formulae for T, calculation.
The most usual programs only give the user the T, value, thus merely allowing the
selection of some parameters that influence this temperature. Table 3 describes some of
the programs that are available online, together with some of the characteristics
associated to each program.

Table 3 - Software for thermodynamic parameter prediction available online

Software Adjustments Notes
Ol/go_nucleot/de Salt and Only accepts symmetric sequences, fixed pH (pH 7.0
Properties Calculator | h dd included
software engt ), and denaturant agents are not include

Only valid for neutral solutions (7 to 8), defined

™ [
LNA™ Oligo Trm - oligonucleotides concentrations and specific salt

Prediction .
concentration.
OligoAnalyzer Salt The presence of denaturant agents is not included
Software
Salt, prope Very complete software which performed all available
concentration, . .
mathFISH simulations for a probe and a target/nontarget
temperature

sequence.
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m-[).gll;%?ﬁe Predictions are performed for a defined temperature
ProbeMelt (RNA or (46°C) and specific salt concentration (1M sodium
. concentration).
microarrays)
The Oligonucleotide Properties Calculator software

(http://www.basic.northwestern.edu/biotools/oligocalc.html) is a DNA and RNA specific

software. In essence, this program uses the strategy described in Breslauer et al. to
calculate thermodynamic properties [28] and the values published by Sugimoto el al., [92].
The LNA™ Oligo Tm Prediction tool
(http://www.exigon.com/ls/Pages/ExigonTMPredictionTool.aspx) allow the prediction of
the duplex Tm between an oligonucleotide (LNA, DNA or LNA:DNA) and a
complementary DNA or RNA strand.

The OligoAnalyzer software (htip:/eu.idtdna.com/analyzer/applications/oligoanalyzer/

default.aspx) estimates T, value from the NN model [19] and it uses the NN parameters
already published for DNA:DNA, RNA:DNA, RNA:RNA base pairs from Allawi et al., [93],
Sugimoto et al., [23], and Xia et al., [94], respectively. This is one of the most robust
softwares for T, value prediction. There are other similar software packages like PRIDE,
PRIMO, AcePrimer and PrimeMaster , however they generally produce deviations greater
than, or equal to 6.8 °C [18].

An important tool in the FISH area was developed by Yilmaz et al. (2011) and is a web-
based program called mathFISH (http:/mathfish.cee.wisc.edu/) which incorporates all
previous models developed by the authors, specifically the output model for the AG®yerai
and the linear energy model. This program can simulate the hybridization between a given
target/probe sequence and gives the user functional parameters like the thermodynamic
parameter set, hybridization efficiency, affinity of a probe, and a predicted FA dissociation
profile of the probe. Furthermore, the program also informs if the thermodynamic
parameters of the probe are not the most correct [95]. While the program does not
predict Ty and provides no information on the properties of PNA and LNA, it is certainly
one of the most well adapted for FISH procedures.

The most recent web tool was developed by Wright et al., and it is called DECIPHER's
ProbeMelt (http://decipher.cee.wisc.edu/ProbeMelt.html) [71]. With this software it is

possible to perform some relevant predictions in DNA probes when FA is used. The
mathematic modelling background used was based on the SRM model that has been
described above. The user is able to analyse hybridization efficiencies using different
levels of stringency and generating denaturant curves. Additionally, ProbeMelt can be
used in combination with database searches, allowing the identification of potential targets
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and nontargets [71]. Although it is a recent online tool, it is still only possible to analyse
DNA or RNA sequences and only the use of FA as a denaturant is considered.

5. Melting temperature vs hybridization temperature

In the previous chapter, we have addressed the thermodynamic models more commonly
used for theoretical prediction of melting temperatures of DNA, PNA and LNA probes.
Despite the important information that we can obtain from these models, we have shown
above several reasons why the T, obtained from those calculations is still different from
the hybridization temperature of the probes. For a better understanding of these
differences we have identified studies on FISH that used DNA, PNA and LNA probes and
calculated the melting temperature using the respective thermodynamic models described
above and compared it with the hybridization temperature that was used by the authors
(Figure 3). More specifically, we used the parameters described by Santalucia et al. [19]
and equation 2 previously described to determine the T,, for DNA probes. To calculate the
Tm of PNA probes we used equation 3 described above. The T,, determination of LNA
probes was performed based on Owczarzy et al. [54] parameters for LNA using equation
2. We did not use the models with corrections for parameters such as salt concentration
and formamide. Relatively to the salt concentration, the majority of the published results
do not take these conditions in consideration and their impact on the melting or
hybridization temperature is comparatively low. Regarding the formamide, the correction
models that exist were developed for DNA probes, and since we address in this study not
only DNA probes but also other nucleic acid mimics probes the application of the
formamides models for these other probes could originate misleading results.

100,
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Figure 3 - Predicted melting temperature (Tm) and respective hybridization temperature (Th) at which the
hybridization has been performed.
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In Figure 4, the average difference between the T, predicted for each type of probe, and
the hybridization temperature employed by the authors is represented. As expected, the
analysis of Figure 3 and 4 shows that in average the Ty is lower than the T, for all types
of probes. Another result that can also be easily explained is the lower standard deviation
obtained for DNA and PNA probes, which is likely to be due to the fact that PNA models
are adaptations of the DNA models and these DNA models and are much more
established than the recent developed models for LNA. LNA probes show a higher
variability than DNA and PNA probes, with the Ty being 7 ° C to 37 ° C lower that the
predicted melting temperature values. This variability may be due to the fact that, unlike
for DNA and PNA probes, many of the LNA probes are constituted by DNA
oligonucleotides with LNA insertions. In adding to the number of LNA bases of the probe,
the positioning of the LNA bases within the probe also has effects on the thermodynamics
of the hybridization [96], implying that Tm predictions are much harder to obtain for LNA
probes. In addition, most of the FISH methods performed using LNA are in animal cells. In
this case, many of the authors aim at developing the method at 37 °C, and as such might
not be interested in identifying the temperature at which the probe will work optimally.

40-

T, (°C)- T,(°C)

Figure 4 - Difference between predicted melting temperature (Tm) and hybridization temperature (Th).

The average difference between the Ty and T, of the PNA probes was lower than the
ones for DNA, which could be due to the fact that no correction has been used for
parameters such as formamide. In our opinion, it is expected that different types of nucleic
acids have different (T,-Tw) values as the slope of the melting temperature curve showed
in Figure 1 might also vary for each nucleic acid. Nonetheless, because of the lack of
optimization and large scale verification of at least some of the models, it is too early to
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draw any conclusions in relation to the explicit differences between the various probe

chemistries.

6. Conclusions

FISH is a powerful molecular method used for the identification and quantification of
organisms of interest, both in environmental and in medical samples. This technique has
evolved and become more powerful due to the appearance of nucleic acid mimics that
have substituted the traditional DNA oligonucleotide probes used.

Despite this development, the optimization of this technique is still a trial and error
process, in part due to the lack of precise mathematic models to predict the hybridization
temperature of an oligonucleotide probe. The first thermodynamic models were based on
thermodynamic parameters calculated for DNA or RNA oligonucleotides, but with the
appearance of the new DNA or RNA mimics it has become necessary to adjust these
models or to develop novel models. The most used models to calculate thermodynamic
parameters for DNA/RNA mimics oligonucleotides have been derived from the ones used
for DNA oligonucleotides [37,55,96] and provide important information about the
conditions at which the FISH procedure should be performed, helping to decrease the
time involved in method optimization. However, the results often lack accuracy because
these all models are not specific for FISH since they were designed for other molecular
biology techniques, such as polymerase chain reaction (PCR). Furthermore, they do not
take into account all parameters and chemical compounds involved in the hybridization
step of a FISH procedure. If possible, one should always confirm the predicted T,, values
through two independent models due to the occurrence of potential deviations (Owczarzy
et al, 1997). Furthermore, these methods only allow us to predict the melting
temperature which is used as a reference for the hybridization temperature as illustrated
above when the Tm values predicted by the models were compared with the Ty's used in
the experiments.

FA and sodium ion concentrations are known to have an impact on the hybridization
reaction and therefore correction models have been developed. Nevertheless, these
models do not give precise results for all kinds of oligonucleotide probes and some of
them involve complicated mathematical calculations and are therefore not practical for
routine use for most researchers. This obstacle may be alleviated by the use of
specialized software to predict the Ty but at present such software must be used carefully
because most of them only take a limited number of parameters of the hybridization

reaction into account.
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In short, the thermodynamic models already developed for DNA, RNA and DNA/RNA
mimics only allow researchers to obtain an indication of the range of the hybridization
temperature, but a trial and error optimization will still be required until the shortcomings

identified in this review are solved.
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