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MIKROBIYOTA

Sedef Zeliha ONER?

1. GIRIS

Insan bedeni cok sayida mikroorganizmanin yasam
alanidir. Bakteriler, viriisler, mantarlar ve arkeleri igeren bu
mikroorganizma grubu “mikrobiyota” olarak adlandirilir. Bu
grubun genetik materyallerinin tamami ise mikrobiyom olarak
tanimlanmaktadir.

Mikrobiyota yasamin ilk anindan itibaren diyet, ¢cevresel
faktorler, antibiyotik kullanimi ve genetik yapi gibi etkenlere
bagh olarak degisim gosterir. Mikrobiyota normalde konak
organizma ile simbiyotik bir iliski icindedir. Bagisiklik sisteminin
duzenlenmesinde,  vitamin  sentezinde,  sindirim  gibi
fonksiyonlarda yer alir.

Mikrobiyota insan sagligmin  korunmasinda ve
hastaliklarin  gelisiminde kritik bir role sahiptir. Ozellikle
bagirsak mikrobiyotasi, insan sagligi iizerinde en belirgin etkiye
sahip mikrobiyal topluluktur ve Lactobacillus ve Bacteroides gibi
bakteri gruplari, bagirsak homeostazinin korunmasinda kritik rol
oynarlar. Ancak mikrobiyotanin etkileri gastrointestinal sistemle
sinirli degildir. Bununla beraber metabolik, immiinolojik ve
norolojik siireglerde de rol oynamaktadir. Mikrobiyota ile konak
arasindaki ¢ift yonlii bir etkilesim bulunmaktadir. Bagirsak-beyin
ekseni (gut-brain axis) araciligiyla mikrobiyota; nérotransmitter
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tiretimi, bagisiklik mediatorleri ve vagus siniri izerinden merkezi
sinir sistemi fonksiyonlarini etkileyebilmektedir.

Mikrobiyotanin yapisal ve fonksiyonel dengesinin
bozulmasina “disbiyozis” denir ve disbiyozis bir¢ok hastaliin
patogenezinde Onemli rol oynar. Bu hastaliklardan bazilari;
inflamatuvar bagirsak hastaligi, obezite, tip 2 diyabet ve bazi
noropsikiyatrik hastaliklardir.  Bununla beraber mikrobiyota
degisimlerinin enfeksiyon hastaliklarina yatkinlik tizerine de
etkili olabilecegi bilinmektedir.

Insan mikrobiyotas1, farkli anatomik bélgelerde 6zgiin
cevresel kosullara bagl olarak gesitlilik gosteren kompleks ve
dinamik bir mikrobiyal ekosistemdir. Bu ekosistem; bakteriler
basta olmak tizere viriisler, mantarlar ve arkeleri icermekte olup,
her bir vicut bolgesi kendine 6zgi mikrobiyal kompozisyona
sahiptir. Mikrobiyota bilesimi; pH, oksijen diizeyi, nem, besin
kaynaklar1 ve konak bagisiklik yanit1 gibi faktorler tarafindan
sekillendirilmektedir.

Insanlarda farkli anatomik bolgelere gore farkh
mikrobiyal kompozisyonlar bulunmaktadir. Ayni zamanda bu
farkli mikrobiyotalar; pH, oksijen diizeyi, nem, besin kaynaklar1
ve konak bagisiklik yanit1 gibi bir¢ok faktorden etkilenmektedir.
Gastrointestinal sistem mikrobiyotasi, deri mikrobiyotasi, oral
mikrobiyota, solunum yolu mikrobiyotasi, iirogenital sistem
mikrobiyotas1 en yogun arastirma yapilan alanlar arasinda yer
almaktadir.

2. GASTROINTESTINAL SiSTEM
MIKROBIYOTASI

Gastrointestinal sistemde; yogun ve cesitliligi fazla
mikrobiyal topluluklar bulunmaktadir. Kolon mikrobiyal
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yogunlugun en yiiksek oldugu bolgedir burada anaerob bakteriler
baskin olarak bulunmaktadir.

Baslica bakteriyel filumlar arasinda, Firmicutes ve
Bacteroidetes yer almaktadir. Bacteroides tiirleri kompleks
karbonhidratlarin ~ parcalanmasinda  6nemli rol  oynar.
Lactobacillus ve Clostridium tiirleri ise kisa zincirli yag
asitlerinin  liretimine katkida bulunur. Bagirsak epitel
biitiinliiglinlin korunmasi1 ve immiin yanitin diizenlenmesi
acisindan  Onemlidir. Ayn1 zamanda patojenlere  karsi
kolonizasyon direnci saglayarak enfeksiyonlarin onlenmesinde
bariyer gorevi gorirler.

3. DERI MiKROBiYOTASI

Gastrointestinal sistemde; yogun ve cesitliligi fazla
mikrobiyal topluluklar bulunmaktadir. Kolon mikrobiyal
yogunlugun en yiiksek oldugu bolgedir burada anaerob bakteriler
baskin olarak bulunmaktadir.

Baglica bakteriyel filumlar arasinda, Firmicutes ve
Bacteroidetes yer almaktadir. Bacteroides tiirleri kompleks
karbonhidratlarin  parcalanmasinda  6nemli rol  oynar.
Lactobacillus ve Clostridium tiirleri ise kisa zincirli yag
asitlerinin  liretimine katkida bulunur. Bagirsak epitel
biitiinliiglinlin korunmast ve immiin yanitin diizenlenmesi
acisindan  Onemlidir. Ayn1 zamanda patojenlere  karsi
kolonizasyon direnci saglayarak enfeksiyonlarin onlenmesinde
bariyer gorevi gorirler.

4. ORAL MIKROBIYOTA

Agiz boslugunda birgok mikronis bulunmaktadir. Dis
yiizeyi, dil dorsumu ve gingival sulkus farkli mikrobiyotalara
sahiptir. Oral mikrobiyotada Streptococcus mutans, Veillonella
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ve Actinomyces gibi bakteriler yaygin olarak bulunur. Agiz
saghiginin korunmasinda rol oynarlar. Mikrobiyota dengesinin
bozulmasi durumunda dis ¢iiriigii ve periodontal hastaliklar
gelisebilmektedir.

5. SOLUNUM YOLU MiKROBiYOTASI

Erken yaslarda solunum yolu mikrobiyomu dinamiktir ve
gelisimi, dogum sekli, beslenme tiirli, antibiyotik tedavisi ve
kardeslerin varlig1 ve krese gitme gibi kalabalik ortam kosullari
da dahil olmak Uzere faktorden etkilenir.

Ust solunum yolu, akciger mikrobiyomunun birincil
kaynagidir. Saglikli bireylerde, akciger mikrobiyomu ¢ogunlukla
gecici mikroorganizmalardan olusur. Alt solunum yollarinin uzun
stire steril oldugu diislintilmiisse de simdi diisiik yogunlukta da
olsa kendine 6zgl bir mikrobiyotaya sahip oldugu bilinmektedir.
Nazal kavitede; Staphylococus spp., Propionibacterium spp.,
Corynebacterium spp., Moraxella spp., Streptecocus spp.,
nazofarinkste Staphylococus spp., Corynebacterium spp.,
Moraxella spp., Streptecocus spp., Haemophilus spp.,
Dolosigranulum spp., orafarenksde Streptecocus spp., Rothia
spp,, Veillonella spp., Provetella spp., Leptotrichia spp.,
akcigerde ise Veillonella spp., Provetella spp., Streptecocus spp.,
Tropheryma whipplei bulunmaktadir.

6. UROGENITAL SISTEM MiKROBiYOTASI

Kadin iirogenital sistem mikrobiyotasinda rahim agzi ve
vajinay1 igeren alt genital sistem mikrobiyomu diisiik ¢esitlilik
gosterir ve saglikli kadinlarda agirlikla Lactobacillus cinsinden
olusur. Lactobacillus cinsinin baskin olmasi Ostrojen uyarimi
altinda vajinal epitelde hiicre i¢i glikojen birikimiyle iligkilidir.
Lactobacillus, glikojeni metabolize ederek ve laktik asit Uretir bu
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da vajinal ortami asitlestirir Bu asidik ortam, patojenik
mikroorganizmalarin biiyiimesini engeller. Ureme ¢agindaki
kadinlarin vajinal mikrobiyotas1 genellikle bes topluluk durum
tipine (CST) ayrilir. CST I, II, III ve V'in her birinde tek bir
Lactobacillus  tiirii  (  sirasiyla  Lactobacillus  crispatus,
Lactobacillus gasseri, Lactobacillus iners ve Lactobacillus
jensenii ) baskinken, CST 1V, c¢esitli fakiiltatif ve zorunlu
anaeroblarin varligi ile karakterizedir. Ust genital sistem
mikrobiyomu uterus da hem saglikli hem de hastalikli durumlarda
mikrobiyal ¢esitlilik sergiler. Saglikli kadinlarda, en sik
bildirilen baskin cins Lactobacillus'tur. Bununla beraber
Prevotella, Gardnerella, Bifidobacterium, Atopobium ve Sneathi
a gibi diger cinslerin kii¢iik miktarlar: da tespit edilebilir

Erkek iirogenital mikrobiyotas1 alt genital sisteminde
cogunlukla iiretrada ve koronal olukta bulunur. Uretrada en sik
gorilen filumlar Firmicutes, Actinobacteria, Fusobacteria,
Proteobacteria ve Bacteroidetes'tir; ancak bireyler arasinda
yiiksek bir degiskenlik mevcuttur. Cinsel yolla bulasan hastalik
pozitif ve negatif erkekler (ikincisinde daha az segici, anaerobik
ve kiltirlenemeyen bakteriler bulunur) ile sinnetli ve siinnetsiz
erkekler arasinda farkliliklar gorilmektedir (stinnet, Gram negatif
ve anaerobik bakterilerin azalmasina neden olur). Ust genital
sistem (prostat dokusu ve vas deferens dahil) genellikle
enfeksiyonlar (prostatit ve diger prostat hastaliklar1 dahil) diginda
sterildir.

7. MIKROBIiYOTA VE IMMUN SISTEM
ETKILESIMI

Insan viicudu, mikrobiyota bitlikte evrimlesmistir ve bu
durum hem dogustan gelen hem de edinilmis bagisiklig1 etkiler.
Diizenleyici T hiicreleri ve efektdr T hiicreleri yanitlarinin farkl
diizenlenmesi, bagirsakta bulunan spesifik mikrobiyal tiirlerin
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dogrudan bir sonucudur ve bu iligki iltihaplanma ve hastalik
sirasinda diizensizlige maruz kalir.

Dogustan bagisiklik, enfeksiyona karst ilk bariyeri
olusturur ve homeostazin korunmasinda, mikrobiyotanin
sekillenmesinde rol oynar. Mikrobiyota ile siirekli etkilesim
halindedir. Dogustan bagisiklik sistemi, mikrobiyotay1 dengeli
bir sekilde diizenlemeli ve korumalidir. Konak mikrobiyota
iligkisi, karsilikli fayda saglamaktan, patojenik olmaya kadar
degisen bir yapiya sahiptir.

Mikrobiyota, PRR sinyallemesini ve bagisiklik
sonuglarini énemli Sl¢iide etkiler. Oriintii tanima reseptorleri
(PRR'ler), bagisiklik sisteminde patojenle iliskili molekiiler
Oriintiileri ve hasarla iliskili molekiiler Oriintiileri algilayan
sensorlerdir. PRR'ler; Toll benzeri reseptérler (TLR'ler), C tipi
lektin reseptorleri (CLR'ler), niikleotid baglayici oligomerizasyon
alan1 benzeri reseptorler (NLR'ler), AIM2 benzeri reseptorler
(ALR'ler) gibi reseptorlerden olusur. Dogustan gelen ve edinsel
bagisiklik tepkileri arasinda temel baglantilar gorevi gorerek
patojenlere karst savunma mekanizmalarini baslatir ve bagisiklik
homeostazini korurlar.

Mikrobiyota Uyeleri, 0&zellikle Toll-like receptors
(TLR’ler) ve NOD-like receptors (NLR’ler) gibi reseptorler
araciligiyla taninmaktadirlar ve reseptor aktivasyonu sonucu
sitokin ve kemokin {iretimini tetiklenir bu da inflamatuvar yanitin
baslatilmasina katki saglamaktadir. Yanit, saglikli bireylerde
kontrollii bir sekilde diizenlenir ve asir1 inflamasyon engellenir.

Insan  viicudunda, edinsel bagisiklik  sistemide
mikrobiyota ile isbirligi icindedir. Edinsel bagisiklik, herhangi bir
patojeni, doniistiiriilmiis hiicresel antijenleri tespit edebilir ve
etkili bir sekilde yanit verir. Edinsel bagisiklik sistemi, ¢esitli T
hiicreleri ve B hiicreleri tiirlerinden olusur. Bu hiicreler, zararsiz
antijenlere kars1 yanitlar1 baskilayarak, bagirsak mukozasinin
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bariyer fonksiyonlarini koruyarak uygun bagisiklik fonksiyonunu
saglarlar ve homeostazinin korunmasinda 6nemli rol oynarlar.
Bagirsak mikrobiyotasi ve bagirsak T hiicreleri, bagisiklik sistemi
yanitini olustururlar. Proinflamatuar hiicreler arasindaki denge ve
kontrol sistemi, bagirsak mukozasindaki homeostazdan
sorumludur. Bu sistem, IFN-y tireten Th1 hiicrelerini; IL-17A, IL-
17F ve 1L-22 ureten TH17 hticrelerini; TH2 hucrelerini ve anti-
inflamatuar Foxp3+ dizenleyici T hicrelerini (T-reg'ler) icerir.
Mikrobiyota, T hiicre diferansiyasyonunu etkileyerek farklt T
hiicre alt gruplarinin (Thl, Th2, Thl7 ve Treg) gelisimini
diizenler. Bu siirecte Bacteroides fragilis gibi bazi1 bakteriler,
duzenleyici T hicrelerinin (Treg) aktivasyonunu destekleyerek
immiin toleransin olusumuna katki saglar.

Ayrica mikrobiyota, immiinoglobulin A (IgA) iiretimini
uyararak mukozal yiizeylerde patojenlere karsi koruyucu bir
immiin yanitin gelismesini saglar. B hiicreleri, yaygin bakterilere
yanit veren bilylik miktarda salgisal immiinoglobulin A (sIgA)
tireterek bagirsak homeostazini koruyabilir. Salgisal IgA, hem T
hiicre bagimsiz hem de T hiicre bagimli siiregler yoluyla
uiretilebilir. Bagirsaktaki mikrobiyal toplulugu sekillendirmek
i¢in, T hiicre bagimli bir yol araciligiyla IgA iiretimi esastir.

8. DISBIYOZIS VE HASTALIK ILISKiSi

Disbiyozis, birgok hastaligin patogenezinde onemli bir
faktordiir. Disbiyozisde mikrobiyal c¢esitlilik azalir, yararh
mikroorganizmalar kaybolur ve patojenlerin asir1 ¢ogalmasi
meydana gelir. Disbiyozis, immiin homeostaz kaybina ve kronik
inflamasyonun gelisimine ortam olusturur.

Disbiyozisin hastalik gelisimine katkis1 6ncelikle bagirsak
bariyer biitlinliigiiniin bozulmasi, artmis intestinal gecirgenlik ve
mikrobiyal {riinlerin sistemik dolagima gecismesiyle baslar.
Lipopolisakkarit gibi mikrobiyal bilesenler, immiin sistemi aktive
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eder ve diisiik dereceli kronik inflamasyonun gelisimine katkida
bulunur.

Kisa zincirli yag asitleri iiretimindeki azalma, epitel hiicre
fonksiyonlarinin zayiflamasina ve anti-inflamatuvar
mekanizmalarin yetersiz kalmasina neden olur. Mikrobiyota
kaynakli metabolitlerin azalmasi, diizenleyici T hiicrelerinin
aktivitesini diigiir ve immiin toleransi bozar.

Disbiyozisin  gastrointestinal  hastaliklarla  iligkine
bakildiginda; Crohn hastalig: ve Ulseratif kolit gibi inflamatuvar
bagirsak hastaliklarinda mikrobiyal ¢esitlilikte belirgin azalma ve
proinflamatuvar bakterilerin artis1 olur. Ayrica Clostridioides
difficile enfeksiyonu gelisiminde 6nemli bir risk faktoriidiir.
Antibiyotik kullanimi sonrasi mikrobiyota baskilanmakta ve
firsatg1 patojenler ¢ogalmaktadir. Bununla beraber irritabl
bagirsak sendromunda da mikrobiyota degisiklikleri 6nemli rol
oynar.

Disbiyozisin metabolik hastaliklarla iliskine bakildiginda;
Obezite ve Tip 2 diyabet gibi hastaliklarda; enerjinin artmasi, kisa
zincirli yag asidi profillerindeki degisiklikler ve inflamatuvar
yanitin artig1, bu hastaliklarin gelisiminde rol oynar. Disbiyozis
ayrica insiilin direncinin artmasina katkida bulunarak metabolik
sendromun ilerlemesini destekler. Disbiyozisin immin ve
otoimmiin hastaliklarla iliskine bakildiginda; romatoid artrit,
multipl skleroz ve astim gibi hastaliklarda immiin toleransin
kaybina yol agarak proinflamatuvar yanitlarin artmasina neden
olur.

Norolojik  ve  psikiyatrik  hastaliklarla  iliskine
bakildiginda; depresyon, otizm spektrum bozuklugu ve parkinson
gibi hastaliklarda; mikrobiyota, ndrotransmitter Uretimini ve
immiin aracilar iizerinden beyin fonksiyonlarini etkilemektedir.
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TIBBI MiKROBIYOLOJIDE DIJITAL PCR
UYGULAMALARI

Selahattin UNLU!

1. GIRIS

Molekiiler tan1  yOntemleri, tibbi  mikrobiyoloji
laboratuvarlarinda enfeksiyon etkenlerinin saptanmasi, patojen
yukinin izlenmesi, antimikrobiyal direng belirteclerinin
aragtirtlmasi ve salgin yanitinin hizlandirilmas: agisindan temel
araclar haline gelmistir. Konvansiyonel kiiltiir, mikroskobik
inceleme ve antijen/antikor temelli yo6ntemler  Klinik
mikrobiyolojinin vazgecilmez bilesenleri olmakla birlikte,
ozellikle distik mikrobiyal yik, yavas iireyen veya Kkiiltiirde
uretilemeyen mikroorganizmalar, 6nceden antimikrobiyal tedavi
almis hastalar ve hizli klinik karar gerektiren durumlarda
duyarhilik, siire ve kantitatif dogruluk agisindan smirliliklar
gosterebilir. Bu nedenle polimeraz zincir reaksiyonu (PCR) ve
kantitatif gercek zamanli PCR (qPCR), son otuz yilda enfeksiyon
hastaliklarmmin laboratuvar tanisinda Onemli bir doniisiim
yaratmistir. Bununla birlikte qPCR sonuglarinin giivenilirligi;
ornek kalitesi, niikleik asit ekstraksiyonu, inhibitér varligi,
amplifikasyon verimliligi, standart egrinin dogrulugu ve
laboratuvarlar arasi raporlama degiskenligi gibi cok sayida
preanalitik ve analitik faktorden etkilenebilmektedir (1).

Dijital PCR (digital PCR, dPCR), nukleik asitlerin
kantitatif analizinde qPCR’den farkli bir Ol¢iim mantigina
dayanan, ornegi ¢ok sayida bagimsiz mikroreaksiyona bdlerek

L Dr. Ogr. Uyesi., Afyonkarahisar Saglik Bilimleri Universitesi T1p Fakiiltesi, Tibbi
Mikrobiyoloji Anabilim Dali, ORCID: 0009-0002-9185-0109.
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hedef molekiil varligini her bir bélmede “pozitif” veya “negatif”
son nokta sinyali {izerinden degerlendiren {igiincii kusak PCR
yaklagimidir. “Digital PCR” terimi literatiirde ilk kez Vogelstein
ve Kinzler tarafindan mutant alellerin nadir diziler igerisindeki
kantifikasyonu  baglaminda  tanimlanmis; daha  sonra
mikroakigkan, damlacik ve ¢ip tabanl platformlarin gelismesiyle
yontem daha Olgeklenebilir, tekrarlanabilir ve  klinik
uygulamalara daha yakin bir teknoloji héaline gelmistir (2,3). Bu
yaklagimda hedef niikleik asit molekilleri teorik olarak ¢ok
sayida bolmeye rastgele dagitilir; amplifikasyon sonrasinda
pozitif ve negatif bolme orani kullanilarak Poisson istatistigi ile
baslangi¢ hedef kopya sayis1 hesaplanir (4,5). Boylece dPCR, dis
standart egriye gereksinim duymadan mutlak kantifikasyon
saglayabilen bir yontem olarak qPCR’den ayrilir (4).

Tibbi mikrobiyoloji agisindan dPCR’nin en Onemli
katkilarindan biri, diisik kopya sayili hedeflerin giivenilir
bicimde saptanmasi ve kantifiye edilmesidir. Klinik 6rneklerde
patojen yiikii her zaman yiiksek degildir; erken enfeksiyon
donemi, latent veya persistan enfeksiyonlar, tedavi sonrasi
rezidiiel niikleik asit varligi, santral sinir sistemi Ornekleri,
solunum yolu ornekleri, kan ve plazma gibi diisiik biyokiitleli
materyallerde hedef niikleik asit miktar1 ¢ogu zaman sinir
diizeylerde bulunabilir. dPCR’nin 6rnegi ¢ok sayida bagimsiz
reaksiyona ayirmasi, nadir hedeflerin arka plan niikleik asit i¢inde
daha goriiniir hale gelmesine ve 6zellikle diisiik viral, bakteriyel
veya paraziter yuklerde kantitatif duyarhiligin artmasina katki
saglayabilir  (4,6,7). Bununla birlikte dPCR’nin ylksek
duyarlilig1, kontaminasyon kontrolii, uygun negatif kontroller,
esik belirleme stratejileri ve preanalitik siire¢ standardizasyonunu
daha da kritik hale getirmektedir (6,8). dPCR’nin gPCR’ye gore
bir diger 6nemli avantaji, bazi inhibitér maddelere karsi1 daha
toleransl olabilmesidir. Klinik 6rneklerde hemoglobin, heparin,
safra tuzlari, mukus, doku yikim {iriinleri, digk: bilesenleri veya
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ekstraksiyon  kalintilar1  gibi  inhibitdrler —amplifikasyon
verimliligini etkileyebilir. qPCR’de bu durum kantifikasyon
egrisini ve dongii esigi degerlerini dogrudan etkileyerek yanlig
diisiik kantifikasyon veya yalanci negatiflik riskini artirabilir.
dPCR’de son nokta temelli pozitif/negatif bolme okumasi ve
hedef molekiillerin bélmelere ayrilmasi, bazi inhibitor etkilerin
seyreltilmesine veya kantitatif sonuca etkisinin azalmasina katki
saglayabilir; ancak bu 6zellik inhibitérlerden tamamen bagimsiz
oldugu anlamma gelmez (8,9). Bu nedenle dPCR
uygulamalarinda internal kontrol, ekstraksiyon kontrolii,
inhibisyon degerlendirmesi ve uygun raporlama standartlar
zorunlu kalite bilesenleri olarak ele alinmalidir (6,7).

Diyjital PCR (dPCR), hedef niikleik asidin ¢ok sayida
bagimsiz reaksiyon bolmesine ayrilarak pozitif/negatif son nokta
sinyalleri iizerinden kantifiye edildigi genel molekiiler tani
yaklasimini ifade eder; droplet digital PCR (ddPCR) ise bu genel
yaklasimin damlacik tabanli bir alt tipidir ve reaksiyon karigimi
yag fazi i¢inde binlerce veya milyonlarca su fazi damlacigima
ayrilarak her damlacik bagimsiz bir PCR mikroreaktdrii olarak
degerlendirilir (2-5). Bu nedenle dPCR terimi tim dijital PCR
teknolojilerini kapsayan iist baglik olarak kullanilmali, ddPCR ise
ozellikle damlacik tabanli platformlardan s6z edilirken tercih
edilmelidir (3,4). Klinik mikrobiyoloji laboratuvarlarinda
dPCR’nin kullanim alanlar1 giderek genislemektedir. Viral yiik
kantifikasyonu, tedavi yanitinin izlenmesi, diisiik dizeyli
vireminin degerlendirilmesi, latent  veya persistan
enfeksiyonlarda reziduel nikleik asit saptanmasi, kan dolagimi
enfeksiyonlarinda hizli patojen tanimlama, solunum yolu viral
enfeksiyonlarinda diisiik viral yiik 6rneklerinin analizi, paraziter
enfeksiyonlarda diigilk yogunluklu hedeflerin belirlenmesi ve
antimikrobiyal diren¢ genlerinin kantitatif izlenmesi bu uygulama
alanlar arasinda yer almaktadir (7,8,10). COVID-19 pandemisi
sirasinda yapilan calismalar, dPCR’nin o6zellikle diisiik viral
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yiiklii 6rneklerde, sinirda pozitifliklerde ve referans yontemlerle
uyumsuz sonuclarin degerlendirilmesinde tamamlayict bir
molekiiler ara¢ olarak One ¢ikabilecegini gostermistir (10).
Benzer bi¢gimde yogun bakim pratiginde kan dolasimu
enfeksiyonlarinin  hizli  tamisina  yonelik  ¢oklu  ddPCR
yaklasimlari, damlacik tabanli yiiksek bolmeleme kapasitesi
sayesinde patojen saptama siiresini kisaltma ve kantitatif
mikrobiyal yiik bilgisi saglama potansiyeli nedeniyle Klinik karar
stirecleri agisindan onem tasimaktadir (11).

Bununla birlikte dPCR, qPCR’nin dogrudan yerine gecen
evrensel bir yontem olarak degerlendirilmemelidir. Ydntemin
klinik laboratuvara entegrasyonu; cihaz altyapisi, érnek basina
maliyet, i akis1 kapasitesi, ¢oklu hedef sayisi, laboratuvar
personel egitimi, sonu¢ yorumlama algoritmalari, klinik esik
degerlerin tanmimlanmasi1 ve kalite giivence siirecleri gibi
degiskenlere baglidir (7,8). Ayrica dPCR sonuglarmnin klinik
anlam1 yalnizca analitik duyarlilik iizerinden yorumlanamaz;
hedef niikleik asidin canli mikroorganizmay: temsil edip
etmedi8i, enfeksiyon ile kolonizasyon ayrimi, tedavi sonrasi
niikleik asit kalicilig1 ve 6rnek tipine 6zgii kantitatif esikler klinik
baglamla birlikte degerlendirilmelidir (8,10,11). Bu nedenle
dPCR, tibbi mikrobiyolojide en yliksek degeri; iyi tanimlanmis
klinik endikasyonlarda, validasyonu yapilmis hedeflerle, uygun
kalite kontrolleriyle ve klinik-laboratuvar iletisimi iginde
kullanildiginda saglar.

Bu bélumunde dijital PCR’nin temel prensipleri, platform
tirleri, analitik performans Ozellikleri, kalite kontrol ve
validasyon gereklilikleri ile tibbi mikrobiyolojideki baglica
uygulamalar1 bilimsel literatiir temelinde ele alinacaktir.
Boliimiin  temel amaci, dPCR’nin enfeksiyon hastaliklar
tanisindaki potansiyelini abartili bir teknoloji sdyleminden uzak
bicimde, gii¢lii yonleri ve sinirliliklartyla birlikte degerlendirmek;
viral, bakteriyel, fungal, paraziter ve antimikrobiyal diren¢ odakl
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kullanim alanlarmi  klinik laboratuvar gercekligi iginde
tartismaktir.

2. DIJITAL PCR’IN TEMEL PRENSIPLERi

Dijital PCR, hedef niikleik asit molekiillerinin ¢ok sayida
bagimsiz mikroreaksiyona ayrilmasi, her mikroreaksiyonun
amplifikasyon  sonrast  pozitif =~ veya negatif olarak
smiflandirilmas ve pozitif reaksiyon oranindan baglangic hedef
kopya sayisinin hesaplanmasi esasina dayanir (2,4,5). Bu yonlyle
dPCR, amplifikasyonun ger¢ek zamanli olarak izlendigi ve
kantifikasyonun dongii esigi degerleri ile standart egriye
dayandigi qPCR’den ayrilir. dPCR’de temel 6l¢iim birimi dongii
esigi degil, hedef molekiil iceren ve igcermeyen bagimsiz
reaksiyon bolmelerinin sayisidir (4,5). Bu nedenle yontem, uygun
deneysel kosullarda dis standart egri gerektirmeden mutlak
kantifikasyon saglayabilir (4,12).

Dijital PCR siireci genel olarak dort ana agsamadan olusur:
niikleik asit ekstraksiyonu ve reaksiyon karigiminin hazirlanmasi,
Ornegin ¢ok sayida bagimsiz bélmeye ayrilmasi, her bélmede son
nokta PCR amplifikasyonunun gerceklesmesi ve pozitif/negatif
bolme sayilarindan hedef kopya sayisinin hesaplanmasi (4,6,8).
DNA hedefleri igin siire¢ ekstrakte edilmis DNA iizerinden
yuritilirken, RNA hedeflerinde ters transkripsiyon basamagi
gereklidir. RNA hedeflerinde elde edilen sonug, yalnizca dPCR
basamagimin degil, ayn1 zamanda 6rnek isleme, RNA stabilitesi,
ekstraksiyon verimi ve ters transkripsiyon etkinliginin birlesik
sonucunu yansitir (6,8). Bu nedenle 06zellikle viral RNA
kantifikasyonu gibi uygulamalarda internal kontrol ve sireg
kontroli kritik 6neme sahiptir (6,8).

Yontemin “dijital” olarak adlandirilmasinin nedeni, her
bolmenin amplifikasyon sonrasi ikili bir sonug tiretmesidir: hedef
molekil varsa pozitif, yoksa negatif sinyal elde edilir (2,4).
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Pozitif bolmelerde floresan sinyal esik degerinin iizerine ¢ikar;
negatif bolmelerde ise hedef amplifikasyonu olmadigi i¢in sinyal
esik altinda kalir. Boylece stirekli bir amplifikasyon egrisi yerine,
cok sayida bagimsiz reaksiyondan olusan pozitif/negatif bir veri
matrisi elde edilir (4,5). Bu yaklasim, diisiik kopya sayili
hedeflerin arka plan niikleik asit igerisinden ayrilmasini
kolaylastirabilir; ancak bu tistiinliik, esik belirleme, yeterli bolme
sayisi, uygun kontroller ve dogru istatistiksel diizeltme
kosullarina baglidir (5,6,8).

Dijital PCR’1in kantitatif temelinde hedef molekdllerin
bolmelere rastgele dagildigi varsayim yer alir. Ornek gok sayida
bolmeye ayrildiginda bazi bolmeler hedef molekiil igermezken,
bazi bolmeler bir veya daha fazla hedef molekiil igerebilir. Sadece
pozitif bolme oranina bakmak, 6zellikle ayn1 bolmede birden
fazla hedef molekiil bulunabildigi durumlarda gercek baslangi¢
kopya sayisint oldugundan diisiikk gosterebilir. Bu nedenle
dPCR’de kantifikasyon Poisson istatistigi ile diizeltilir (4,5).
Pozitif bélme oranit p olarak tanimlandiginda, bdlme bagina
ortalama hedef molekiil sayis1 A = —In(l — p) formiiliiyle
hesaplanir; daha sonra bu deger bélme hacmi, toplam reaksiyon
hacmi ve varsa diliisyon faktorii dikkate alinarak
kopya/reaksiyon, kopya/uL veya Klinik Ornek hacmine gore
kopya/mL gibi birimlere dondistiiriiliir (4,5).

Poisson  temelli  hesaplama, dPCR’nin  mutlak
kantifikasyon giiciinii olusturmakla birlikte, belirli varsayimlara
dayanir. Bolme hacimlerinin miimkiin oldugunca esit olmasi,
hedef molekiillerin reaksiyon karisimi i¢inde homojen dagilmasi,
bolmeler arasinda c¢apraz kontaminasyon olmamasi ve her
bolmenin bagimsiz bir PCR mikroreaktorii gibi davranmasi
beklenir (5,6,8). Bolme hacmindeki degiskenlik, yetersiz karisim,
damlacik kaybi, eksik bdlme olusumu, pipetleme hatalar1 veya
inhibisyon gibi faktorler pozitif/negatif oranin1 etkileyerek
kantitatif dogrulugu azaltabilir (5,6,8). Bunedenle dPCR yalnizca
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cithazin tirettigi sayisal sonuca indirgenmemeli; 6rnek hazirlama,
bolme kalitesi, amplifikasyon basaris1 ve veri analizi birlikte
degerlendirilmelidir (6,8).

Dijital PCR’da analitik duyarlilik, yalnizca teorik olarak
tek molekiil saptayabilme kapasitesiyle aciklanamaz. Gergek
laboratuvar kosullarinda duyarlilik; 6rnek hacmi, ekstraksiyon
verimi, reaksiyona eklenen niikleik asit miktari, hedef dizinin
biitiinliigii, primer-prob tasarimi, bdlme sayist ve negatif
kontrollerdeki arka plan sinyali gibi cok sayida degiskene baglidir
(6,8). Cok diisiik hedef konsantrasyonlarinda pozitif bolme sayisi
azaldig1 i¢in rastlantisal dagilimimn etkisi artar ve giiven araligi
genisler  (5,6). Buna karsihk ¢ok  yiikksek  hedef
konsantrasyonlarinda bolmelerin biiyiik kismi pozitif hale gelir ve
sistem doygunluga yaklasir; bu durumda negatif bolme sayisi
azaldigindan Poisson diizeltmesinin belirsizligi artar (4,5). Bu
nedenle klinik uygulamalarda uygun diliisyon araliginin
belirlenmesi ve dl¢limiin dinamik aralik i¢cinde yapilmasi gerekir
(5,6). Sonuglarin dogru yorumlanmasinda esik belirleme dnemli
bir basamaktir. dPCR’de pozitif ve negatif bdlmeler ¢ogu zaman
floresan amplitiidlerine gore ayrilir; ancak bazi bolmeler net
negatif veya net pozitif kiimeler arasinda yer alabilir. Bu ara
sinyal alani, damlacik dijital PCR literatiiriinde siklikla “rain”
olarak tanimlanir ve kismi amplifikasyon, inhibitor etkisi,
hedef/prob etkilesimindeki degiskenlik, diisiik sablon kalitesi
veya teknik faktorlerle iliskili olabilir (8). Esik degerinin hatali
belirlenmesi yalancit pozitif veya yalanci negatif bdlme
smiflamasina yol agabilir. Bu nedenle esik belirleme yalnizca
yazilmm otomatik ¢iktisina birakilmamali; negatif kontrol,
pozitif kontrol, no-template kontrol, klinik 6rnek kiimelenmesi ve
deneyler arasi tekrarlanabilirlik birlikte degerlendirilmelidir
(6,8). Dijital PCR’da kesinlik ve dogruluk kavramlar1 da
birbirinden ayrilmalhidir. Kesinlik, tekrarlanan O&lgiimlerin
birbirine yakinligini; dogruluk ise dlgiilen degerin ger¢ek hedef
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konsantrasyona yakinligin1 ifade eder. Cok sayida bolme
kullanilmasi, pozitif/negatif ~sayimina dayali istatistiksel
belirsizligi azaltarak kesinligi artirabilir (5). Ancak dogruluk;
hedef dizinin dogru se¢imi, niikleik asit ekstraksiyonunun verimi,
inhibisyon kontrolii, bolme hacminin giivenilirligi ve
kalibrasyon/validasyon  siiregleriyle  iligkilidir  (6,8,12).
Dolayisiyla yiiksek bolme sayisi tek basina analitik giivenilirlik
icin yeterli degildir; yontem, hedefe ve 6rnek tiiriine 6zgii olarak
valide edilmelidir (6,8).

Dijital PCR’1in 6nemli 6zelliklerinden biri de kantitatif
sonucun amplifikasyon verimliligindeki baz1 degiskenliklerden
gPCR’ye kiyasla daha az etkilenebilmesidir. qPCR’de
kantifikasyon, floresan sinyalin belirli bir dongii esigine ulasma
zamanma baghdir ve bu nedenle amplifikasyon verimliligi,
standart egri kalitesi ve reaksiyon inhibitorleri sonucu dogrudan
etkileyebilir (1). dPCR’de ise amplifikasyon son noktada pozitif
veya negatif olarak degerlendirildiginden, hedef yeterli diizeyde
amplifiye oldugu siirece kantifikasyon pozitif/negatif bolme
sayisina dayanir (4,9). Ancak bu durum, dPCR’nin inhibisyondan
tamamen bagimsiz oldugu anlamma gelmez. Giiglii inhibitor
varliginda pozitif bolmelerin floresan amplitiidii diisebilir, ara
sinyal alan1 genisleyebilir veya bazi hedef iceren bolmeler negatif
smiflandirilabilir (8,9). Bu nedenle Klinik drneklerde inhibisyon
kontrolii ve uygun internal kontrol kullanimi zorunludur (6,8,9).

Dijital PCR’da raporlanan sonug, kullanilan platforma ve
klinik baglama gore farkli birimlerle ifade edilebilir. Arastirma
uygulamalarinda kopya/uL reaksiyon veya kopya/uL ekstrakt sik
kullanilirken, klinik mikrobiyoloji uygulamalarinda sonuglarin
ornek hacmine, 6rnek tipine veya klinik karar esiklerine gore
doniistiiriilmesi gerekebilir (6,8). Ornegin plazmada viral yiik
degerlendirilirken kopya/mL, solunum yolu 6rneklerinde ekstrakt
hacmine gore normalize edilmis kopya sayisi veya diren¢ geni
kantifikasyonunda hedef genin toplam bakteri yiikiine orani
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raporlanabilir. Bu doniistimlerde ekstraksiyon hacmi, eliisyon
hacmi, reaksiyona eklenen niikleik asit miktar1 ve diliisyon
faktorleri agik bigimde belirtilmelidir (6,8).

Sonug olarak dPCR’nin temel prensibi, hedef nlkleik
asitlerin ¢ok sayida bagimsiz reaksiyon bolmesine ayrilmasi, son
nokta amplifikasyonu sonrasi pozitif/negatif bolme sayiminin
yapilmasi ve Poisson istatistigiyle mutlak kopya sayisinin
hesaplanmasidir (2,4,5). Bu yap1, dPCR’ye diisiikk kopya sayili
hedeflerde yiiksek kantitatif duyarlilik, standart egriden bagimsiz
6l¢tim ve bazi inhibitor etkilerine kars1 gorece dayaniklilik gibi
avantajlar saglayabilir (4,9,12). Bununla birlikte ydntemin
giivenilirligi; uygun ornek hazirligi, dogru bdélmeleme, yeterli
kontrol kullanimi, esik belirleme, Poisson varsayimlarinin
gegerliligi ve kantitatif dijital PCR deneylerinin yaymlanmasi i¢in
gerekli asgari bilgileri tanimlayan dMIQE (Minimum
Information for Publication of Quantitative Digital PCR

Experiments) kilavuzuna uygun raporlama ile dogrudan iliskilidir
(6,8).

3. DIJITAL PCR PLATFORMLARI

Dijital PCR platformlari, ayni temel kantifikasyon
prensibini paylasmakla birlikte 6rnegin bélmelere ayrilma bigimi,
bolme sayisi, bolme hacmi, floresan okuma yontemi, is akist ve
veri analiz algoritmalar1 acisindan farklilik gosterir. Tim
platformlarda amag, reaksiyon karisimini ¢ok sayida bagimsiz
mikroreaksiyona ayirmak, amplifikasyon sonrasinda her bolmeyi
pozitif veya negatif olarak smiflandirmak ve pozitif bolme
oranindan Poisson istatistigiyle baslangi¢c hedef kopya sayisin
hesaplamaktir (4,5). Bu nedenle platformlar arasindaki temel
fark, PCR kimyasindan c¢ok bdlmeleme teknolojisi ve sinyal
okuma sisteminden kaynaklanir (4).
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Giiniimiizde dPCR sistemleri genel olarak damlacik
tabanli, cip/plaka tabanli ve nanofluidik/mikroakigkan tabanl
platformlar olarak siniflandirilabilir (4,13). Damlacik dijital PCR
sistemlerinde reaksiyon karisimi yag fazi igerisinde binlerce veya
milyonlarca su fazi damlacigina ayrilir; her damlacik bagimsiz bir
PCR mikroreaktorii gibi davranir (3,4). Amplifikasyon
sonrasinda damlaciklar floresan sinyaline gore pozitif veya
negatif olarak okunur. Bu format, yiiksek bolme sayis1 sayesinde
disiik kopya sayili hedeflerin saptanmasi, nadir varyantlarin
Olciilmesi ve hassas kantifikasyon agisindan 6nemli avantaj saglar
(3,12). Bununla birlikte damlacik olusumu, damlacik stabilitesi,
emiilsiyon bozulmasi ve ara floresan sinyallerinin yorumlanmasi
analitik performans: etkileyebilir (6,8).

Cip veya plaka tabanli dPCR sistemlerinde 0Ornek,
onceden tanimlanmig mikrokuyucuklara ya da sabit hacimli
reaksiyon bolmelerine dagitilir (4,13). Bu sistemlerde bdlme
hacimleri fiziksel olarak tanimlandigi i¢in kantitatif hesaplama
daha standart bir mimariye dayanir. Ancak eksik dolum, hava
kabarcigi, yiikleme verimliligi ve ¢ip ylizeyine bagl teknik
degiskenlikler sonuglar1 etkileyebilir (4,13).  Nanofluidik
sistemlerde ise mikrokanallar, valfler ve cok kiguk hacimli
reaksiyon odaciklar1 kullanilir. Bu yaklasim, kopya sayisi
degisikliklerinin analizi ve diisiik hacimli reaksiyonlarin
kontrollii  yiiriitilmesi  agisindan erken donem dPCR
uygulamalarinda 6nemli bir yer tutmustur (14).

Platform seciminde yalnizca bolme sayisi veya analitik
duyarhilik  dikkate alinmamalidir.  Klinik  mikrobiyoloji
laboratuvarlar i¢in 6rnek sayisi, hedef cesitliligi, sonu¢ verme
siresi, cihaz ve sarf maliyeti, kontaminasyon riski, otomasyon
dizeyi, personel deneyimi ve kalite kontrol altyapist birlikte
degerlendirilmelidir (6,7,8). Ay primer-prob seti farkli dPCR
platformlarinda tamamen ayni performansit gostermeyebilir;
¢linkii bolme hacmi, termal dongii kosullari, optik okuma sistemi
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ve esikleme algoritmalar1 sonuglari etkileyebilir (6,13). Bu
nedenle qPCR’den dPCR’ye yontem aktarimi yapilirken yalnizca
primer-prob uyumlulugu degil, tiim analitik siire¢ yeniden valide
edilmelidir (6,8).

Sonug¢ olarak dPCR platformlari, tibbi mikrobiyoloji
laboratuvarlarina yiliksek duyarliik ve mutlak kantifikasyon
olanag1 sunar; ancak hicbir platform tiim klinik uygulamalar i¢in
evrensel olarak iistiin degildir. En uygun platform se¢imi, hedef
patojen veya gen, beklenen kopya sayisi, ornek tiirii, klinik karar
gereksinimi, validasyon kapasitesi ve maliyet-etkinlik dengesi
birlikte degerlendirilerek yapilmalidir (7,8,13).

4. QPCR VE DIGER MOLEKULER
YONTEMLERLE KARSILASTIRMA

Dijital PCR, tibbi mikrobiyoloji laboratuvarlarinda
kullanilan molekiiler yontemler iginde en c¢ok qPCR ile
karsilastirilir. Her iki yontem de hedef niikleik asidin primer ve
prob temelli amplifikasyonuna dayanir; ancak kantifikasyon
mantiklar1 farklidir. qPCR’de floresan sinyal amplifikasyonun
her dongiisiinde izlenir ve hedef miktar1 cogunlukla dongii esigi
degeri ile standart egriye gore hesaplanir (1). dPCR’de ise
reaksiyon ¢ok sayida bagimsiz bolmeye ayrilir, amplifikasyon
sonrasinda her bolme pozitif veya negatif olarak siniflandirilir ve
hedef kopya sayis1 Poisson istatistigi ile hesaplanir (4,5). Bu
nedenle dPCR, uygun kosullarda dig standart egriye ihtiyag
duymadan mutlak kantifikasyon saglayabilir (4,12).

Dijital PCR’1n en 6nemli tstiinliikleri yaygimn laboratuvar
altyapisia sahip olmasi, kisa sonu¢ verme siiresi, yiiksek 6rnek
isleme kapasitesi ve klinik tanida iyi standardize edilmis is
akislaridir  (1,7). Viral solunum yolu enfeksiyonlari,
gastrointestinal  patojen panelleri, cinsel yolla bulasan
enfeksiyonlar ve kantitatif viral yik izlemi gibi bircok alanda

22



Tibbi Mikrobivoloji Alaninda Akademik Tartismalar

gPCR halen temel molekiler yontemdir. Bununla birlikte
gqPCR’de kantifikasyon amplifikasyon verimliligi, standart egri
kalitesi, Ornek inhibitorleri ve esik dongiisii yorumundan
etkilenebilir (1,9). dPCR ise son nokta pozitif/negatif okuma
yaptig1 icin bazi inhibitor etkilerine karst qPCR’ye gore daha
toleranslh olabilir ve diisiik kopya sayili hedeflerde daha hassas
kantitatif degerlendirme saglayabilir (7,9).

Konvansiyonel u¢ nokta PCR, hedef varligin1 géstermek
acisindan yararli olmakla birlikte kantitatif bilgi saglamaz ve
kontaminasyon riski, jel elektroforezi gereksinimi ve sinirl
dinamik aralik gibi nedenlerle klinik mikrobiyolojide yerini
blylk Olcude gergek zamanli PCR temelli yontemlere birakmistir
(1,7). dPCR ise u¢ nokta okuma yapmasmma ragmen
pozitif/negatif bolme sayimi sayesinde kantitatif sonug tlretebilir
(4,5). Bu yoniyle dPCR, teknik olarak son nokta
amplifikasyonuna dayansa da analitik ¢ikti bakimmdan klasik
PCR’den belirgin bigimde ayrilir.

[zotermal amplifikasyon yontemleri, 6zellikle LAMP,
sabit sicaklikta hizli amplifikasyon saglayabilmesi ve karmagik
termal dongii cihazlarma gereksinim duymamasi nedeniyle saha
kosullar1 ve hizli tan1 uygulamalar1 agisindan Onemlidir (16).
LAMP tabanl testler hizli ve pratik olmakla birlikte, kantitatif
dogruluk, coklu hedef analizi ve diisiikk diizeyli hedeflerin
giivenilir Ol¢limii agisindan dPCR ile ayni analitik c¢erceveye
sahip degildir (7,16). Buna karsilik dPCR, daha karmasik cihaz
altyapis1 gerektirse de mutlak kantifikasyon, nadir hedeflerin
saptanmasi ve direng gen yiikiiniin izlenmesi gibi uygulamalarda
avantaj saglayabilir (7,8).

Metagenomik yeni nesil dizileme, drnekteki tim nikleik
asit igeriginin sekanslanmasina dayandigi i¢in beklenmeyen,
nadir veya Kkiiltiirde iiretilemeyen patojenlerin saptanmasinda
guclu bir yontemdir (15). Ancak mNGS; 6rnek hazirligi, insan
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DNA’s1 baskinligi, biyoinformatik analiz, kontaminasyon ayrimu,
maliyet ve sonu¢ verme siiresi bakimmdan 6nemli sinirliliklar
tasir (15). dPCR ise hedefe yonelik bir yontemdir; bu nedenle
bilinmeyen patojeni kesfetmez, fakat bilinen bir hedefin diisiik
kopya diizeylerinde hassas ve kantitatif olarak izlenmesine olanak
saglar (7,8). Bu agidan mNGS ve dPCR birbirinin alternatifi
olmaktan ¢cok tamamlayic1 yontemler olarak degerlendirilmelidir.
mNGS ile tamimlanan bir patojen veya direng geni, dPCR ile
dogrulanabilir ve kantitatif olarak izlenebilir (7,15).

Sonug¢ olarak qPCR, rutin tanida hiz, erisilebilirlik ve
standardizasyon avantaji nedeniyle temel yontem olmay1
stirdiirmektedir. dPCR ise diisiik kopya sayili hedeflerin
kantifikasyonu, inhibitdr iceren drneklerde daha dayanikli 6l¢iim,
nadir varyantlarin saptanmasi ve standart egriden bagimsiz
mutlak kantifikasyon gibi alanlarda qPCR’ye tamamlayic1 deger
saglar (7,8,9). LAMP gibi hizli izotermal yontemler saha ve hizl
tarama uygulamalarinda; mNGS ise genis kapsamli patojen kesfi
ve kompleks enfeksiyonlarin ¢éziimiinde 6ne ¢ikar (15,16). Bu
nedenle klinik mikrobiyolojide yontem secimi, hedef patojen,
klinik soru, 6rnek tird, beklenen mikrobiyal yuk, maliyet, sire ve
laboratuvar altyapisi birlikte degerlendirilerek yapilmaldir (7,8).

5. TIBBI MiKROBiYOLOJIDE TANISAL
UYGULAMALAR

Dijital PCR, tibbi mikrobiyoloji laboratuvarlarinda
ozellikle diisik kopya sayili hedeflerin saptanmasi, patojen
yukiiniin kantitatif izlenmesi, tedavi yanitinin degerlendirilmesi
ve smira yakin molekiiler sonuglarin dogrulanmasi agisindan
onemli bir tamamlayict yontemdir (7,8). YoOntemin temel
avantaji, hedef niikleik asidi ¢ok sayida bagimsiz reaksiyon
bolmesine ayirarak pozitif/negatif sinyal iizerinden mutlak
kantifikasyon saglamasidir (4,5). Bu o6zellik, 6zellikle klasik
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qPCR’de dongii esigi degerinin yliksek oldugu, standart egriye
bagli belirsizligin arttigt veya inhibitér etkisinin sonucu
etkileyebildigi 6rneklerde klinik deger tasir (7,9).

Klinik mikrobiyolojide dPCR’nin tanisal kullanimi en
belirgin olarak viral enfeksiyonlarda 6ne ¢ikmustir. Viral yiik
izlemi, antiviral tedavi yanitinin degerlendirilmesi, diisiik diizeyli
vireminin saptanmasit ve persistan ya da latent enfeksiyonlarda
rezidiel niikleik asit varliginin gosterilmesi bu kapsamda
degerlendirilebilir (7,10). SARS-CoV-2 pandemisi sirasinda
yapilan caligmalar, dPCR’nin o6zellikle diisiik viral yiiklii
orneklerde, smirda pozitif qPCR sonuglarinda ve referans
materyal gelistirme siireclerinde yararli olabilecegini gostermistir
(10). Bununla birlikte pozitif dPCR sonucu her zaman canli ve
bulastiric1 viriis varligi anlamina gelmez; bu nedenle sonuglar
ornek tipi, klinik donem ve hastanin bagisiklik durumu ile birlikte
yorumlanmalidir (8,10).

Bakteriyel enfeksiyonlarda dPCR’nin potansiyel kullanim
alanlar1 arasinda kan dolasimi enfeksiyonlarinin hizli tanisi,
diisiik diizeyli bakteriyeminin saptanmasi, kiiltiir negatif ancak
klinkk  olarak  enfeksiyon  sliphesi  gilicli  olgularin
degerlendirilmesi ve hedefe yOnelik patojen kantifikasyonu yer
alir (7,11). Yogun bakim pratiginde multiplex ddPCR
yaklagimlari, kan kiiltiiriine gore daha kisa siirede patojen niikleik
asidi gosterebilme potansiyeli nedeniyle dikkat cekmektedir (11).
Ancak bakteriyel DNA saptanmasi, canli bakteri varligmi veya
kesin enfeksiyon tanisimi tek basma kanitlamaz. Ozellikle
kontaminasyon, antibiyotik tedavisi sonrasi rezidiiel DNA ve
kolonizasyon-enfeksiyon ayrimi klinik yorumlamada dikkate
alinmalidir (7,8,11).

Dijital PCR, antimikrobiyal diren¢ genlerinin saptanmasi
ve kantifikasyonunda da dnemli bir uygulama alanina sahiptir.
Diren¢ genlerinin yalnizca var/yok seklinde degil, belirli bir
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ornekteki ytikiiniin kantitatif olarak degerlendirilmesi; direngli alt
poplilasyonlarin izlenmesi, tedavi baskisi altinda direng gen
dinamiklerinin degerlendirilmesi ve siirveyans amagli analizler
i¢in yararl olabilir (7,8). Bununla birlikte diren¢ geninin varhig
her zaman fenotipik direncle bire bir Ortiismeyebilir; gen
ekspresyonu, genin bulundugu bakteri tiirli, mobil genetik
elemanlar ve eslik eden diren¢ mekanizmalari sonuglarin klinik
karsiligini etkileyebilir (7,8).

Fungal, mikobakteriyel ve paraziter enfeksiyonlarda
dPCR’nin temel degeri ¢ogunlukla diisiik hedef kopya sayis1, zor
kiiltiir kosullar1 veya uzun sonu¢ verme siiresi olan klinik
senaryolarda ortaya ¢ikar (7). Bu 6rneklerde yontemin basarisi,
hedef dizinin 6zgiilliigii kadar 6rnek hazirlama ve niikleik asit
ekstraksiyonunun etkinligine de baghdir (8). Ozellikle
mikobakteriler ve bazi mantarlarda hiicre duvari yapisi nedeniyle
ekstraksiyon verimi degigken olabilir; bu nedenle internal
kontrol, ekstraksiyon kontrolli ve uygun validasyon basamaklari
zorunludur (8).

Sonug olarak dPCR, tibbi mikrobiyolojide rutin gPCR’nin
yerini alan genel bir tarama yontemi olmaktan ¢ok, belirli klinik
sorulara yiiksek duyarlilik ve kantitatif dogrulukla yanit verebilen
tamamlayici bir teknolojidir (7,8). En uygun kullanim alanlari;
diisiitk mikrobiyal yiik, sinirda qPCR pozitifligi, tedavi yanitinin
kantitatif izlemi, diren¢ gen ylikiinlin degerlendirilmesi ve
kiiltiirle sonug alinmasi gii¢ enfeksiyon senaryolaridir (7,10,11).

5.1. Viral Enfeksiyonlar

Dijital PCR, viral enfeksiyonlarin laboratuvar tanisinda
ozellikle disiik viral yiiklerin saptanmasi, viral yiikiin mutlak
kantifikasyonu, tedavi yamitinin izlenmesi ve smirda pozitif
gqPCR sonuglarinin degerlendirilmesi agisindan Onemli bir
tamamlayic1 yontemdir (7,10). Viral enfeksiyonlarda klinik karar
¢ogu zaman yalnizca etkenin varligma degil, viral yiik diizeyine,

26



Tibbi Mikrobivoloji Alaninda Akademik Tartismalar

viral ylik kinetigine ve hastanin bagisiklik durumuna baghdir. Bu
nedenle dPCR’nin standart egriye bagimli olmadan kopya sayisi
verebilmesi, 06zellikle immunsuprese hastalarda, transplant
alicilarinda, kronik viral enfeksiyonlarda ve antiviral tedavi
izlemlerinde analitik ag¢idan degerli olabilir (7,8).

Sitomegaloviriis (CMV), dPCR uygulamalarinin en iyi
calisilmis viral 6rneklerinden biridir. CMV enfeksiyonu 6zellikle
hematopoetik kok hiicre ve solid organ transplant alicilarinda
morbidite agisindan Onem tasir ve viral yiik takibi preemptif
tedavi kararlarinda kritik rol oynar (17,18). Hayden ve
arkadaglari, CMV yiik testinde ddPCR ile ger¢cek zamanli PCR’yi
karsgilastirmis ve her iki yontemin genis bir dinamik aralikta
kantitatif sonu¢ saglayabildigini, ancak klinik Orneklerde
qPCR’nin bazi1 kosullarda daha yiiksek duyarlilik gosterebildigini
bildirmistir (17). Sedlak ve arkadaslar1 ise plazma 6rneklerinde
ddPCR’nin gPCR’ye benzer duyarlilikta oldugunu ve 6zellikle
daha yiiksek viral yiiklerde kantitatif kesinligi artirabildigini
gostermistir (18). Bu bulgular, dPCR’nin CMV izlemini tamamen
gPCR’nin yerine gegirecek bir yontem olarak degil, belirli klinik
senaryolarda kantitatif belirsizligi azaltabilecek tamamlayici bir
arag olarak degerlendirilmesi gerektigini gostermektedir (17,18).

HIV enfeksiyonunda dPCR, 6zellikle hiicre iliskili HIV
DNA’smin, proviral rezervuarin ve diisiik diizeyli persistan viral
genetik materyalin  kantifikasyonunda 6nem tasir  (19).
Antiretroviral tedavi altinda plazma viral RNA baskilansa bile,
hiicresel HIV DNA rezervuann kiir c¢alismalart ve tedavi
stratejilerinin degerlendirilmesi acisindan kritik bir parametredir.
Powell ve arkadaslari, farkli HIV-1 alt tiplerinde kantitatif HIV-
1 DNA ddPCR testini klinik olarak valide etmis ve yontemin
okilt HIV enfeksiyonunun arastirilmasi ve hiicre iliskili HIV
dinamiklerinin izlenmesinde kullanilabilecegini gostermistir

(19).
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HBV enfeksiyonunda dPCR’nin  6nemli kullanim
alanlarindan  biri, kovalent kapali sirkiler =DNA’nin
kantifikasyonudur. HBV cccDNA, viral persistansin temel
gostergelerinden biri kabul edilir ve karaciger dokusunda diisiik
duzeylerde bulunabilir (20). Hayashi ve arkadaslari, HBV
cccDNA kantifikasyonu i¢cin ddPCR tabanli bir yaklasim
gelistirmis ve yontemin qPCR’ye gore daha 6zgiil ve duyarl
Ol¢tim saglayabilecegini bildirmistir (20). Bu tur uygulamalar,
Ozellikle fonksiyonel kar hedefleyen tedavilerin
degerlendirilmesinde onem tasir; ancak cccDNA o6l¢iimii 6rnek
tiirli, doku miktar1 ve ekstraksiyon verimi gibi degiskenlerden
etkilenir (8,20).

SARS-CoV-2 pandemisi, dPCR’nin viral tamidaki
potansiyelini daha goriiniir hale getirmistir. dPCR, diislik viral
yiklii 6rneklerde, qPCR ile sinirda sonu¢ veren olgularda ve
referans materyal standardizasyonunda yararli olabilir (10,21).
Sun ve arkadaslari, dPCR’nin diisiik viral ytkli SARS-CoV-2
orneklerinde duyarl bir yaklasim saglayabilecegini bildirmigtir
(21). Bununla birlikte viral RNA saptanmasi, enfeksiy6z viriis
varligin1 veya bulastiriciligi tek basina gdstermez. Bu nedenle
viral dPCR sonuglar1 her zaman 6rnek tipi, klinik evre, immiin
durum, tedavi Oykiisii ve es zamanl laboratuvar bulgulartyla
birlikte yorumlanmalidir (8,10).

5.2. Bakteriyel Enfeksiyonlar

Bakteriyel enfeksiyonlarda dijital PCR’1n temel kullanim
alani, hedef bakteriyel DNA’nin hizli, duyarl ve kantitatif olarak
saptanmasidir. Klasik bakteriyolojik tanida kiiltiir halen altin
standart konumunu korumaktadir; cunkii canl
mikroorganizmanin izolasyonunu, tiir diizeyinde tanimlamay1 ve
fenotipik antimikrobiyal duyarlilik testlerini mimkiin kilar.
Ancak kiiltiir sonuglarinin saatler veya giinler i¢cinde alimmasi,
onceden antibiyotik kullanimi, diisiik bakteri yikii, zor {ireyen
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mikroorganizmalar ve polimikrobiyal enfeksiyonlar tanisal
duyarlilig1 azaltabilir (7,11). dPCR bu noktada, 6zellikle bilinen
hedef bakterilerin veya belirli patojen panellerinin dogrudan
klinik Ornekten saptanmasinda tamamlayict bir molekiiler
yaklasim olarak degerlendirilmektedir (7,11).

Kan dolagimi enfeksiyonlar1 ve sepsis, bakteriyel dPCR
uygulamalarinin en yogun c¢alisildigi alanlardir. Bu klinik
tablolarda erken etken tanisi, uygun antimikrobiyal tedavinin
zamaninda baglanmasi ve gereksiz genis spektrumlu antibiyotik
kullanimimin azaltilmasi agisindan kritik 6nemdedir (11,22). Wu
ve arkadaglari, yogun bakim hastalarinda siipheli kan dolasimi
enfeksiyonlarmnin  tanisinda multiplex ddPCR yaklagimini
degerlendirmis ve yontemin kan kiiltiiriine ek olarak hizli patojen
ve diren¢ geni saptama potansiyeli tagidigimi bildirmistir (11). Hu
ve arkadaslar1 ise kritik hastalarda ddPCR, metagenomik yeni
nesil dizileme ve kan kiiltlirinii karsilagtirmis; ddPCR’nin yaygin
bakteriyel patojenlerin ve bazi antimikrobiyal diren¢ genlerinin
hizli saptanmasinda yararli olabilecegini, mNGS’nin ise klasik
yontemlerle agiklanamayan kompleks enfeksiyonlarda daha
genis etken arastirmasi sagladigimni gostermistir (22).

Dijital PCR’in bakteriyel enfeksiyonlardaki bir diger
avantaji, yalnizca var/yok sonucu liretmemesi, ayni zamanda
bakteri DNA yukinu kantitatif olarak verebilmesidir (7,23). Lin
ve arkadaslariin siipheli kan dolasimi enfeksiyonlarinda yaptigi
calismada ddPCR ile saptanan patojen yiikiiniin klinik
inflamatuvar gostergelerle iligkili olabilecegi ve yoOntemin
antibiyotik yonetimine katki saglayabilecegi bildirilmistir (23).
Benzer sekilde Kitagawa ve arkadaslari, Escherichia coli kan
dolagimi enfeksiyonlarinda tam kanda Olgilen E. coli DNA
yiikiiniin kan kiiltiirii pozitiflesme zamanu ile ters iligkili oldugunu
gostermistir (24). Bu bulgular, dPCR’nin yalnizca tanisal degil,
enfeksiyon yukinun izlenmesine yonelik kantitatif bir arag olarak
da degerlendirilebilecegini diisiindiirmektedir (23,24).
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Bununla  birlikte bakteriyel dPCR  sonuglarmin
yorumlanmasi dikkat gerektirir. Bakteriyel DNA’nin saptanmasi,
her zaman canli bakteri varligini veya invaziv enfeksiyonu
kanitlamaz. Antibiyotik tedavisi sonrasi rezidiiel DNA, 6rnek
alma sirasinda kontaminasyon, deri floras1 kaynakli sinyaller ve
kolonizasyon-enfeksiyon ayrimi klinik degerlendirmede dikkate
alinmalidir (7,8,11). Ozellikle diisiik kopya sayili pozitifliklerde
negatif kontrol davranisi, O6rnek tiiri, klinik bulgular,
inflamatuvar belirtecler ve es zamanlh kiiltiir sonuglart birlikte
yorumlanmalidir (8,23).

Sonug olarak dPCR, bakteriyel enfeksiyonlarda kulturin
yerini alan bagimsiz bir yontemden c¢ok, kiiltire ve diger
molekiiler yontemlere tamamlayici bir teknolojidir. En giiclii
kullanim alanlari; sepsis ve kan dolagim1 enfeksiyonlarinda hizh
hedef saptama, disuk bakteri yiki olan 6rneklerin
degerlendirilmesi, polimikrobiyal enfeksiyonlarda kantitatif
analiz ve diren¢ genlerinin es zamanli izlenmesidir (7,11,22).
Ancak klinik uygulamada yontemin degeri, validasyonu yapilmis
hedef panelleri, uygun kalite kontrolleri ve sonuglarin klinik
baglamla birlikte yorumlanmasi ile dogrudan iliskilidir (8,11).

5.3. Mikobakteriyel Enfeksiyonlar

Mikobakteriyel enfeksiyonlarda dijital PCR’1n en 6nemli
kullanim alani, Ozellikle diigiik basil yiikii bulunan klinik
orneklerde  Mycobacterium tuberculosis kompleksine ait
DNA’nin duyarl ve kantitatif olarak saptanmasidir. Tiiberkiiloz
tanisinda aside direngli basil mikroskobisi hizli ancak diisiik
duyarlilikly; kiiltlir ise duyarh fakat sonug¢ verme siiresi uzun bir
yontemdir. Molekiiler testler bu siireyi kisaltmakla birlikte,
paucibacillary hastalik, ekstrapulmoner 6rnekler, formalinle fikse
parafine gomulu dokular ve tedavi baglanmis hastalarda tanisal
duyarhilik smirh kalabilir (25). dPCR, disiik kopya sayili
hedefleri standart egriye ihtiya¢c duymadan 6lgebilmesi nedeniyle
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bu klinik boslukta tamamlayict bir yontem olarak
degerlendirilmektedir (7,25).

Pulmoner tiiberkiilozda dPCR’nin degeri 6zellikle yayma
negatif ve diisiik basil yiikii olan olgularda ortaya ¢ikar. Zhao ve
arkadaglari, IS6110 hedefli yeni bir ddPCR yaklasiminin
paucibacillary yayma negatif pulmoner tiiberkiillozda hizli ve
duyarli M. tuberculosis saptamasma katki saglayabilecegini
gostermistir (26). Bununla birlikte IS6110 kopya sayisinin suslara
gore degisebilmesi ve bazi M. tuberculosis kompleks suslarinda
diisiik kopyali ya da nadiren negatif olabilmesi, hedef se¢iminin
dikkatle yapilmasini gerektirir. Bu nedenle tek hedefe dayali
testler yerine I1S6110, IS1081 veya tiir kompleksine 6zgii diger
hedeflerin birlikte kullanilmasi analitik gilivenilirligi artirabilir
(25,28).

Ekstrapulmoner tuberkilloz, dPCR igin 6nemli bir
uygulama alanidir; ¢linkii bu 6rneklerde basil yiikii cogu zaman
diisiik, 6rmek hacmi smirli ve kiiltiir pozitifligi degiskendir.
Antonello ve arkadaslari, parafine gomilii doku 6rneklerinde
ddPCR ile M. tuberculosis DNA’smin hizli ve kantitatif olarak
gosterilebilecegini  bildirmistir (27). Benzer sekilde Li ve
arkadaslari, plevral tiiberkiiloz tanisinda plevral sivida IS6110 ve
IS1081 hedefli dPCR analizinin mikroskobiden, kultiirden ve
Xpert MTB/RIF’ten daha yuksek duyarlilik saglayabildigini ve
Ozgiilliigiiniin yiiksek oldugunu gostermistir (28). Bu bulgular,
dPCR’nin 6zellikle histopatolojik olarak tiiberkiiloz diisiindiiren
ancak kiiltiir ya da rutin molekiiler testlerle dogrulanamayan

olgularda destekleyici deger tastyabilecegini diisiindiirmektedir
(27,28).

Dijital PCR, mikobakteriyel enfeksiyonlarda yalnizca
etken saptama amaciyla degil, ilag direncinin molekiiler
izlenmesi i¢in de kullanilabilir. Choi ve arkadaslari, M.
tuberculosis varligimi ve direngle iligkili mutasyonlar1 ayn1 anda
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kantitatif olarak degerlendiren multiplex ddPCR yontemi
gelistirmis; INH, RIF, EMB, florokinolon ve streptomisin
direnciyle iliskili hedeflerde yiiksek analitik 6zgiilliik ve degisken
fakat klinik olarak anlamli duyarlilik bildirmistir (29). Bu
yaklasim, oOzellikle c¢ok ilaca direncli tiiberkiilozda tedaviye
yanitin, direngli alt popiilasyonlarin ve heterodireng olasiliginin
izlenmesi agisindan potansiyel tasir (25,29). Bununla birlikte
mikobakteriyel dPCR sonuclari klinik baglamdan bagimsiz
yorumlanmamalidir. Pozitif DNA sonucu canli basil varligin
kesin olarak gostermez; tedavi sonras1i rezidiiel DNA,
kontaminasyon ve kolonizasyon-enfeksiyon ayrimi dikkate
alinmalidir (7,8). Ayrica mikobakterilerin lipid agisindan zengin
hiicre duvar1 nedeniyle ekstraksiyon verimi degisken olabilir. Bu
nedenle mikobakteriyel dPCR uygulamalarinda
mekanik/parcalama basamagi, ekstraksiyon kontrolii, internal
kontrol, negatif kontrol ve hedefe 6zgu validasyon zorunludur
(8,25).

5.4. Fungal Enfeksiyonlar

Fungal enfeksiyonlarda dijital PCR, ozellikle invaziv
hastalik siiphesi bulunan ancak kiiltiir, mikroskopi veya antijen
testleriyle kesin tani konulamayan olgularda tamamlayic1 bir
molekiiler yontem olarak degerlendirilmektedir (7,8). Invaziv
kandidiyazis, invaziv aspergilloz, mukormikoz ve Pneumocystis
jirovecii pnomonisi gibi enfeksiyonlarda erken tani klinik
sonuclar acisindan kritik onemdedir. Bununla birlikte mantarlarin
bazi klinik orneklerde diisiik yilikte bulunmasi, kiiltiir
duyarliligmin smirli olmasi, 6rnek aliminin invaziv girisim
gerektirmesi ve kolonizasyon-enfeksiyon ayrimimin zor olmasi
tanisal siireci giiclestirir (7,30,31).

Kandidemi, fungal dPCR uygulamalar1 agisindan 6nemli
bir ornektir. Kan kiiltiirii kandidemi tanisinda temel yontem
olmakla birlikte, sonu¢ verme siiresinin uzun olmasi ve
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duyarhiligin degiskenligi nedeniyle erken antifungal tedavi
kararlarinda gecikme yasanabilir (30). Chen ve arkadaslari, kan
orneklerinde Candida DNA’smin ddPCR ile saptanmasini
degerlendirmis ve yoOntemin diisiik kopya sayilarinda duyarh
kantifikasyon saglayabildigini bildirmistir (30). Bu yaklasim,
ozellikle yogun bakim hastalari, immiinsiiprese bireyler, neonatal
hastalar ve antifungal tedavi altinda kiiltiir negatiflesen ancak
klinik stiphesi devam eden olgularda destekleyici deger tasiyabilir
(30). Ancak pozitif Candida DNA sonucu, tek basina invaziv
kandidiyazis tanisi olarak yorumlanmamali; kontaminasyon,
gecici DNAemi, kolonizasyon ve Kklinik bulgular birlikte
degerlendirilmelidir (7,8,30).

Pulmoner fungal enfeksiyonlarda dPCR’nin potansiyel
katkisi, bronkoalveoler lavaj sivisi, balgam veya diger solunum
yolu oOrneklerinde diisitk miktardaki fungal DNA’nin hedefe
yonelik saptanmasidir (31,32). Guo ve arkadaslari, pulmoner
fungal patojenlerin hizli ve duyarli tanimlanmasi i¢in multiplex
ddPCR paneli gelistirmis ve bu yaklasimin immiinsiiprese
hastalarda tanisal siireci destekleyebilecegini gostermistir (31).
Bununla birlikte solunum yolu 6rneklerinde mantar DNA’sinin
saptanmasi, her zaman invaziv enfeksiyon anlamina gelmez.
Ozellikle Aspergillus ve Candida tirlerinde kolonizasyon,
cevresel kontaminasyon veya iist solunum yolu floras1 kaynakli
sinyaller klinik yorumda dikkate alinmahdir (7,8,31).

Pneumocystis jirovecii pnomonisi, dPCR’nin diistik
fungal yiik igeren Orneklerdeki degerini gosteren Onemli bir
alandir. Yi ve arkadaslari, solunum yolu 6rneklerinde P. jirovecii
DNA’smimn ddPCR ile saptanmasini degerlendirmis ve 6zellikle
diisiik patojen ylikiinde ddPCR’nin qPCR’ye gore daha duyarl
olabilecegini bildirmistir (32). Jitmuang ve arkadaslar1 da PCP
tanisinda  ddPCR  yaklasimmin  klinik  performansinm
degerlendirmis ve yontemin hem HIV iliskili hem de HIV dist
immiinsiipresif hasta gruplarinda taniya katki saglayabilecegini
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gostermistir (33). Bununla birlikte P. jirovecii i¢in temel sorun,
aktif pnomoni ile kolonizasyonun ayrilmasidir. Bu nedenle dPCR
ile Olclilen kopya sayisi; radyolojik bulgular, hipoksemi,
imminsipresyon dizeyi, serum beta-D-glukan, mikroskopi ve
klinik yanit ile birlikte yorumlanmalidir (32,33).

Fungal dPCR uygulamalarinda 6rnek hazirlama basamagi
0zel onem tasir. Mantar hiicre duvari yapisi nedeniyle niikleik asit
ekstraksiyonu bakteriler ve viriislere gére daha degisken olabilir.
Bu nedenle mekanik parcalama, ekstraksiyon kontrold, internal
amplifikasyon kontroli, negatif kontrol ve 6rnek matriksine 6zgu
validasyon zorunludur (8). Sonuc¢ olarak dPCR, fungal
enfeksiyonlarda kdltir ve antijen testlerinin yerine gegen tek
basina bir yontem degil; diisiik fungal ytik, hizli tan1 gereksinimi,
tedavi izlemi ve zor 6rneklerde hedefe yonelik kantifikasyon igin
tamamlayici bir tani aracidir (7,8,30-33).

5.5. Paraziter Enfeksiyonlar

Paraziter enfeksiyonlarda dijital PCR’1in temel degeri,
diisiik parazit yiikii bulunan klinik 6rneklerde hedef DNA’nin
duyarli ve kantitatif olarak saptanabilmesidir.  Sitma,
leishmaniasis, Chagas hastalig1, sistozomiyazis ve firsat¢i
protozoon enfeksiyonlarinda parazit yiikii; hastalik evresi, immiin
durum, tedavi kullanim1 ve drnek tiirtine gore belirgin degiskenlik
gosterebilir (7,34). Bu nedenle dPCR, 6zellikle mikroskobinin
negatif veya smirda oldugu, qPCR sonuglarinin diisiik kopya
diizeyinde belirsizlik tasidigi durumlarda tamamlayict bir
yaklasim olarak degerlendirilmektedir (34,35).

Sitma tanisinda ddPCR’nin en onemli katkisi, diisiik
yogunluklu ve asemptomatik Plasmodium enfeksiyonlarinin
saptanmasi ve parazit yogunlugunun standart egriye ihtiyag
duyulmadan kantifiye edilebilmesidir (34). Koepfli ve
arkadaslari, ddPCR’nin P. falciparum ve P. vivax igin yuksek
tekrarlanabilirlikte kantifikasyon saglayabildigini ve ozellikle
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diisiik parazit yogunluklarinda qPCR’ye gbre avantaj
gosterebildigini bildirmistir (34). Pomari ve arkadaslar1 ise P.
falciparum DNA’smin tam kan yaninda serumda da ddPCR ile
saptanabilecegini gostermistir (35).

Sistozomiyaziste ddPCR, dolasimdaki hiicresiz parazit
DNA’sinin saptanmasi agisindan Onem tasir. Weerakoon ve
arkadaslari, farkli klinik Orneklerde parazit kaynakli hiicresiz
DNA’nin ddPCR ile gosterilebilecegini ve bu yaklasimin diisiik
prevalansh veya diisiik yogunluklu enfeksiyonlarda siirveyans
acisindan degerli olabilecegini bildirmistir (36). Chagas
hastaliginda ise Ramirez ve arkadaslari, Trypanosoma cruzi
DNA’sin1 saptamak icin ddPCR’yi degerlendirmis; ancak
calismada yontemin rutin kullanimda qPCR’ye belirgin tstunlik
saglamadig1 belirtilmistir (37). Bu bulgu, dPCR’nin her paraziter
enfeksiyonda otomatik olarak gPCR’den Ustiin kabul edilmemesi
gerektigini gostermektedir (37).

Sonug olarak dPCR, paraziter enfeksiyonlarda 6zellikle
disik yik, tedavi izlemi, niiks sliphesi ve siirveyans
uygulamalarinda yararli olabilir. Ancak sonuglar Ornek tiiri,
parazitin biyolojisi, hedef gen kopya sayisi, DNA kalicilig1 ve
klinik baglamla birlikte yorumlanmalidir (7,8,34-37).

5.6. Klinik Ornek Turlerine Gore Dijital PCR
Uygulamalar

Dijital PCR’mn klinik performansi, yalnizca hedef
mikroorganizmaya degil, calisilan Ornek tiirline de dogrudan
baghdir. Kan, plazma, serum, solunum yolu O6rnekleri, beyin
omurilik sivisi, plevral sivi, doku 6rnekleri, disk1 ve idrar gibi
farkli klinik materyaller; mikrobiyal yiik, inhibitor icerigi, konak
niikleik asit miktar1 ve ekstraksiyon verimi agisindan belirgin
farklilik gosterir (7,8). Bu nedenle dPCR uygulamalarinda 6rnek
tiirline 6zgii validasyon yapilmadan tek bir analitik performans
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degerinin tiim klinik materyallere genellenmesi dogru degildir
(8).

Kan ve plazma 6rnekleri, 6zellikle viral yuk izlemi, kan
dolasimi1 enfeksiyonlar1 ve kandidemi tanisinda 6ne ¢ikar. CMV
gibi viral enfeksiyonlarda plazma viral ylklnlin kantitatif
izlenmesi tedavi kararlar1 agisindan Onemlidir ve ddPCR bu
alanda gPCR’ye  tamamlayicti  bir  yontem  olarak
degerlendirilebilir (17,18). Benzer sekilde sepsis ve slipheli kan
dolagimi1 enfeksiyonlarinda tam kan veya plazmada bakteriyel
DNA’nm ddPCR ile saptanmasi, kan kiiltiiriine gore daha kisa
slirede sonug¢ verebilme potansiyeli tasir (11,22,23). Ancak bu
orneklerde pozitif DNA sinyali canli mikroorganizma varligini
kesin olarak gostermez; rezidiel DNA, kontaminasyon ve tedavi
sonrasi niikleik asit kaliciligi dikkate alinmalidir (7,8).

Solunum yolu 6rneklerinde dPCR; SARS-CoV-2,
Pneumocystis jirovecii, pulmoner fungal patojenler ve diisiik
yukte bakteriyel hedeflerin saptanmasinda kullanilabilir
(10,31,32). Bununla birlikte balgam, nazofarengeal strlntl ve
bronkoalveoler lavaj 0Ornekleri mukus, konak hucreleri ve
inhibitér maddeler igerebilir. Bu nedenle internal kontrol ve
inhibisyon degerlendirmesi zorunludur (8,9). Ekstrapulmoner
tiiberkiilozda plevral siv1 ve parafine gomiilii doku 6rneklerinde
dPCR’nin diisiik basil yiikiinii saptamada yararli olabilecegi
gosterilmigstir (27,28). Paraziter enfeksiyonlarda ise tam kan,
serum veya hiicresiz DNA iceren Orneklerde diisiik parazit
yikinin kantifikasyonu mimkindir (34-36).

Sonu¢ olarak dPCR’nin klinik degeri, 6rnek tiiriiniin
biyolojik 6zellikleri ve preanalitik siireclerle yakindan iligkilidir.
Her ornek tipi icin ekstraksiyon yontemi, inhibitdr kontroli,
hedef se¢imi, sonug birimi ve klinik yorumlama esikleri ayr1 ayri
tanimlanmalidir (7,8).
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6. ANALITIK VALIDASYON VE KALITE
KONTROL

Dijital PCR’m klinik laboratuvarda giivenilir bi¢imde
kullanilabilmesi i¢in yontem, hedef mikroorganizma, 6rnek tiirii
ve platforma 6zgi olarak valide edilmelidir. Analitik validasyon;
analitik 6zgulluk, limit of blank, limit of detection, limit of
quantification, oOlglim araligi, dogruluk, kesinlik, tekrar
edilebilirlik, yeniden dretilebilirlik ve matriks etkisinin
degerlendirilmesini  kapsamalidir (6,8,38). dPCR mutlak
kantifikasyon saglayabilse de bu Ozellik, validasyon
gereksinimini ortadan kaldirmaz; ¢iinkii bélme hacmi, hedef
dagilimi, ekstraksiyon verimi, inhibitdr varligi ve esik belirleme
stratejisi sonucu dogrudan etkileyebilir (8,38).

Kalite kontrol surecinde no-template kontrol, negatif
ekstraksiyon kontroll, pozitif kontrol ve uygun internal kontrol
birlikte kullanilmalidir (6,8). Klinik 6rneklerde hemoglobin,
heparin, mukus, digk bilesenleri veya doku kaynakli inhibitorler
pozitif bélmelerin floresan amplitiidiinii diisiirebilir ve ara sinyal
alanin1 artirabilir (9). Bu nedenle yalnizca pozitif/negatif sonug
degil, damlacik veya bolme sayisi, pozitif-negatif kiime ayrimu,
“rain” paterni ve kontrol reaksiyonlarmin davranisi da
degerlendirilmelidir (8,9). dPCR raporlamasinda hedef dizisi,
primer-prob bilgisi, 6rnek hacmi, ekstraksiyon ve ellisyon hacmi,
reaksiyona eklenen niikleik asit miktar1, diliisyon faktorii, kabul
edilen bolme sayis1 ve sonug birimi agik¢a belirtilmelidir (6,8).
Sonug olarak dPCR’de kalite giivencesi, yalnizca cihaz ¢iktisini
onaylamak degil; preanalitik, analitik ve postanalitik tim
basamaklarin izlenebilir bigimde kontrol edilmesidir (8,38).
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7. AVANTAILAR, SINIRLILIKLAR VE
MALIYET-ETKINLIK

Dijital PCR’mn baslica avantajlari; standart egriye
gereksinim duymadan mutlak kantifikasyon saglamasi, diisiik
kopya sayili hedeflerde duyarl 61¢iim yapabilmesi, bazi inhibitor
etkilerine qPCR’ye goére daha toleransli olmasi ve nadir
varyantlarin ya da diisiik diizeyli patojen yiiklerinin saptanmasina
olanak vermesidir (7-9). Bu ozellikler, 6zellikle siirda qPCR
sonugclari, diigiik mikrobiyal yiik, diren¢ geni kantifikasyonu ve
tedavi izlemi gibi klinik senaryolarda deger tasir (7,8). Bununla
birlikte dPCR’nin smirhiliklar1 arasinda cihaz ve sarf maliyeti,
platforma 6zgii is akisi, sinirli multiplex kapasite, esik belirleme
giicliikleri, kontaminasyon riski ve klinik yorumlama esiklerinin
her hedef icin yeterince standardize edilmemis olmasi yer alir
(8,13). Bu nedenle dPCR maliyet-etkinligi, rutin taramadan ¢ok
secilmis klinik endikasyonlarda, yiiksek analitik duyarliligin
klinik karar siirecini degistirebildigi durumlarda daha belirgindir
(7,38).

8. GELECEK PERSPEKTIFi

Dijital PCR’m gelecekteki gelisimi, daha yiiksek
multiplex kapasite, kapali kartus sistemleri, otomasyon, hizli
ornek hazirlama ve laboratuvar bilgi sistemleriyle entegrasyon
ekseninde ilerleyecektir (7,8). Klinik mikrobiyolojide dPCR’nin
en giicli kullanim alanlar, diisik mikrobiyal yiiklerin
saptanmasi, diren¢ genlerinin kantifikasyonu, tedavi yanitinin
izlenmesi ve salgin donemlerinde hedefe yonelik dogrulama
testleri olacaktir (7,10). Bununla birlikte dPCR’nin rutin
kullanima daha genis Ol¢lide girebilmesi i¢in hedefe ve Ornek
tirtine 0zgii klinik esiklerin tanimlanmasi, platformlar arasi
standardizasyonun guclendirilmesi ve maliyet-etkinlik verilerinin
artirtlmasi gereklidir (8,38). Gelecekte mNGS ile patojen kesfi,

38



Tibbi Mikrobivoloji Alaninda Akademik Tartismalar

qPCR ile hizli tarama ve dPCR ile hassas kantifikasyonun birlikte
kullanildig1 entegre tan1 algoritmalar1 daha fazla Onem
kazanacaktir (7,15).

9. SONUC

Diyjital PCR, tibbi mikrobiyolojide diisiik kopya sayili
hedeflerin saptanmasi, mutlak kantifikasyon, tedavi yanitinin
izlenmesi  ve antimikrobiyal direng gen  yukinin
degerlendirilmesi agisindan  giicli  bir molekiiler tam
yaklasimidir.  Viral, bakteriyel, mikobakteriyel, fungal ve
paraziter enfeksiyonlarda Ozellikle sinirda pozitiflikler, diistik
mikrobiyal yiik ve kiiltiirle taninin gii¢ oldugu klinik senaryolarda
tamamlayict deger saglar. Bununla birlikte dPCR, qPCR veya
kiiltiirtin dogrudan yerine gecen evrensel bir yontem degildir.
Sonuglarin klinik anlami; 6rnek tiirti, hedef se¢imi, preanalitik
slireg, validasyon kalitesi ve hastanin klinik baglami ile birlikte
degerlendirilmelidir. Bu nedenle dPCR’nin en uygun kullanima,
iyl tanimlanmis klinik endikasyonlarda, standart kalite kontrol
sliregleriyle ve mevcut tani algoritmalara entegre bigimde
uygulanmasidir.
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CiG SUTLERDE HALK SAGLIGI ACISINDAN
KRITIK PATOJEN: LISTERIA
MONOCYTOGENES

Enise Begim GOCMEZ !
Umut YILMAZ?

1. GIRIS

Siit, yeni dogan bireylerin beslenmesinde temel rol
oynayan dogal bir gida olmasinin yani sira, insanlar tarafindan
tilkketilen ¢ok sayida siit {iriiniiniin de temel hammaddesini
olusturmaktadir. Siit, yaklasik %87 su ve %13 kuru maddeden
olusan yliksek biyolojik degere sahip proteinler, vitaminler ve
mineraller agisindan zengin bir besindir (IDFA, 2026). Sitiin bu
zengin besin igerigi, patojen ve bozulmaya neden olan
mikroorganizmalarin  gelisimi  i¢cin  uygun bir ortam
olusturdugundan, ¢ig silit ve siit iriinleri gida kaynaklh
hastaliklarin bulagmasinda dnemli bir rol oynamaktadir. Cig siit
tiiketimiyle iligkili cok sayida epidemiyolojik salgin rapor edilmis
olup (FDA, 2024) bu risklerin azaltilmas1 amaciyla ¢ig siitiin
insan tiiketimi agisindan giivenli hale getirilmesini saglayan
pastorizasyon teknolojisi (1s1-zaman kombinasyonu)
gelistirilmistir (Kiiglik ve Yibar, 2019). Ancak son yillarda dogal,
geleneksel ve yerel gidalara yonelik ilginin artmasi ¢ig siite olan
talebin yeniden ylikselmesine yol agmistir. Cig siitiin duyusal ve
besleyici ozelliklerine iligkin olumlu algilar ile saglik yararlar
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sagladigima yonelik yaygin inanislar bu tercihi desteklese de
epidemiyolojik veriler ¢ig siit tilketiminin 6nemli mikrobiyolojik
riskler tasidigin1 ortaya koymaktadir (Castro vd., 2017).
Mikrobiyal kontaminasyona kars1 yiliksek duyarlilik gdsteren siit,
giivenlik, kalite ve raf odmrii agisindan 6nemli sorunlara neden
olmakta; bozulma etkenleri ve patojen bakterilerin ¢ogalmasi
sonucunda hem ekonomik kayiplar hem de gida kaynakl
hastaliklar ortaya ¢ikabilmektedir (Yalew vd., 2024).

Gida kaynakli hastaliklar ise diinya genelinde 6nemli bir
halk sagligi sorunu olmaya devam etmekte olup bu hastaliklar
arasinda yer alan listeriyoz yliksek hastaneye yatis ve olim
oranlar1 nedeniyle 6zel bir éneme sahiptir (EFSA ve ECDC,
2023). 2023 yilinda Avrupa’da 30 {ilke tarafindan toplam 2.993
dogrulanmus listeriyoz vakasi bildirilmis ve bu deger siirveyansin
baslangicindan bu yana kaydedilen en yliksek yillik vaka sayisini
temsil ettigi bildirilmistir (ECDC, 2025). Bu gibi nedenlerle st
ve siit iirlinlerinde onemli bir gida kaynakli patojen olan L.
monocytogenes’in biyolojik ve epidemiyolojik 6zelliklerinin
anlasilmasi, gida kaynakli risklerin degerlendirilmesi ve etkin
kontrol stratejilerinin gelistirilmesi agisindan biiyiikk 6nem
tasimaktadir.

2. L. MONOCYTOGENES’IN MIKROBIYOLOJISI,
PATOGENEZI VE KLIiNIK HASTALIKLARI

L. monocytogenes, Gram-pozitif, katalaz-pozitif, oksidaz-
negatif, sporsuz, fakiiltatif anaerobik ve kisa gomak morfolojisine
sahip bir bakteridir. 20-25°C arasinda peritrik flagellalar
araciligryla karakteristik takla atma hareketi “tumbling motility”
sergiler (Shaaban vd., 2025). L. monocytogenes, insanlarda
hastaliga neden oldugu bilinen tek Listeria tlirtidiir ve filogenetik
olarak Listeria sensu stricto grubunda yer almaktadir. Bir diger
patojenik tur olan Listeria ivanovii, baslica gevis getiren
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hayvanlarda abortus, septisemi ve enterit ile iligkilidir; ancak
insanlardan oldukca nadir olarak izole edilmektedir. Listeria
sensu stricto grubunda yer alan patojenik olmayan tiirler arasinda
Listeria innocua, Listeria welshimeri, Listeria seeligeri ve
Listeria marthii bulunmaktadir (d'Ovidio vd., 2026).

Literatirde L. monocytogenes’in dort ana evrimsel soy
(lineage 1-1V), 13-14 serotip ve 150’den fazla klonal kompleks
(CC) igerdigi bildirilmektedir. Insan klinik izolatlarinda dzellikle
serotip 1/2a, 1/2b ve 4b’nin baskin oldugu ve invaziv listeriyoz
vakalarimin 6nemli bir kismint olusturdugu rapor edilmistir (Yin
vd., 2019). Siit ve siit iiriinleri ile iligkili ortamlarda siklikla CC1,
CC3 ve CC101 gibi klonal kompleksler tespit edilmekte; CC1
Ozellikle hiperviriilan suglarla, CC3 ise gida isleme ortamlar1 ve
cevresel persistans ile iliskilendirilmektedir (Fritsch vd., 2026).

L. monocytogenes, fakdltatif bir hiicre ici patojendir ve
viriilansinin temelini bu 6zellik olusturmaktadir. Konak hiicreye
giris, basta internalin A (InlA) ve internalin B (InlB) olmak iizere
ylizey proteinleri araciligiyla gerceklesir. InlA, konak epitel
hicrelerinde eksprese edilen E-kaderine baglanirken, InlB,
hepatosit biyltme faktorl reseptorii c-Met ile etkilesime girerek
bakterinin non-fagositik hiicreler tarafindan internalizasyonunu
tetikler (Gaillard vd., 1991). Hiicre i¢ine alindiktan sonra L.
monocytogenes, fagozom adi verilen bir vakuol i¢inde kalir. Bu
asamada Listeriolizin O (LLO), hlyA geni tarafindan kodlanan ve
kolesterol bagimli bir por olusturan toksindir. LLO, fagozomal
membranda  porlar  olusturarak  bakterinin  fagozomdan
sitoplazmaya kacisini saglar; bu olay, bakterinin replikasyonu
icin kritik Oneme sahiptir (Ireton vd., 2021). Sitoplazmaya
gecen L. monocytogenes, burada hizla gogalir ve ActA (aktin
assembly-inducing protein) adli yiizey proteinini eksprese eder.
ActA, konak hucrenin aktin polimerizasyon makinesini (Arp2/3
kompleksi) aktive ederek bakterinin arkasinda bir aktin kuyrugu
olusmasini saglar; bu itme gilicii sayesinde bakteri, konak
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hiicrenin plazma membranina dogru ilerler ve komsu hiicrelere
invazyon yaparak hiicreden hiicreye yayilir (Pillich vd.,
2017). iap (invasion-associated protein) geni de hiicre adezyonu
ve invazyonunda rol oynamaktadir. Hiperviriilan klonal
komplekslerde (CC1, CC4, CC6) ayrica listeriolizin S (LLS)
kodlayan LIPI-3 patojenite adasi bulunmakta olup, bu faktor
bagirsak kolonizasyonuna katki saglamaktadir (Vilchis-Rangel
vd., 2019).

L. monocytogenes ozellikle gebeler, yenidoganlar, yash
bireyler ve immiin sistemi baskilanmis hastalar gibi risk
gruplarinda yiiksek mortalite ile seyreden ciddi bir invaziv
enfeksiyondur. Vaka-6lim oraninin  %20-30 dUzeylerine
ulasabildigi bildirilmektedir (Bento ve Tobin, 2026). Hastaligin
klinik seyri, kendini smirlayan atesli gastroenteritten sepsis,
menenjit, meningoensefalit ve beyin sap1 tutulumu ile karakterize
rombensefalite  kadar genis bir yelpazede degisiklik
gosterebilmektedir. Gebelerde ise enfeksiyonun transplasental
yolla fetiise gegmesi sonucunda spontan abortus, 6li dogum veya
agir neonatal enfeksiyonlar geligebilmektedir (Schlech, 2019).

L. monocytogenes, diger bakteriyel menenjit etkenlerinin
ampirik tedavisinde yaygin olarak kullanilan seftriakson ve
sefotaksim dahil olmak {izere tigiincii kusak sefalosporinlere
dogal diren¢li olmasi nedeniyle klinik agidan ayrica Onem
tagimaktadir (Li vd., 2025). Tedavide temel yaklasim, yiiksek doz
intravendz ampisilin veya penisilin G uygulanmas1 olup,
bakterisidal etkinligin artirilmasi amaciyla bu ajanlar siklikla
gentamisin ile kombine edilmektedir. Gunumizde klinik
izolatlarda kazanilmis antimikrobiyal diren¢ nispeten diisiik
duzeylerde seyretmekle birlikte, tedavi seceneklerinin
etkinliginin korunmasi ve diren¢ gelisiminin izlenmesi amaciyla
antimikrobiyal duyarlilik testlerinin siirdiiriilmesi biiyiik 6nem
tasimaktadir (Luque-Sastre vd., 2018). Penisilin alerjisi bulunan
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hastalarda ise trimetoprim-siilfametoksazol 6nemli bir alternatif
tedavi segenegi olarak kullanilmaktadir.

3. BAZI DIS FAKTORLERIN L.
MONOCYTOGENES UZERINE ETKIiSI

L. monocytogenes, gida isleme  ortamlarinda
kontaminasyona neden olabilmektedir. Gida ortamina girdikten
sonra uzun siire hayatta kalabilmesi, ¢esitli stres faktorlerine karsi
gelistirdigi yliksek direng ile iligkilidir (Jordan ve McAuliffe,
2018). Bu dayaniklilik, bakterinin c¢evresel kosullara uyum
saglama kapasitesini ortaya koymakta olup sdz konusu surecleri
etkileyen bazi dis faktorlerin incelenmesini gerekli kilmaktadir.
Bu kapsamda, L. monocytogenes’in cevresel stres faktorlerine
verdigi yanitlar arasinda sicaklik, pH ve tuz konsantrasyonu gibi
temel faktorlerin yami sira L. monocytogenes’in fizyolojisini
etkileyen baska dis faktorler de s6z konusudur.

3.1. Sicaklik

Sicaklik degisimleri, bakterinin metabolizmasindan hiicre
zar1 yapisina kadar birgok fizyolojik siireci etkiler.

Yiiksek Sicaklik: 55—-65°C 1s1 iglemi L. monocytogenes’i
elimine etmek amaciyla yaygin olarak kullanilmaktadir. Ancak
bakteri sicak sok proteinleri sentezleyerek denatiire olan
proteinlerini onarabildigi bildirilmistir (Bucur vd., 2018; Ricci
vd., 2021).

Diigitk Sicaklhik: L. monocytogenes, sogutulmus siitte
tireyebilen psikrotrof bir mikroorganizmadir (Castro vd., 2017).
Soguk stresine yanit olarak CspA, CspB, CspD gibi Soguk Sok
Proteinlerini (Csp) sentezler. Ayrica betain ve karnitin gibi
kriyoprotektanlar1 biriktirerek sogukta hayatta kalabilirler
(Muchaamba vd., 2021).
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3.2. pH Etkisi

L. monocytogenes, gidalarin dogal asitligi ve temizlik
kimyasallarinin  olusturdugu alkali kosullara karsi direng
goOsterebilmektedir.

Asit Stresi: Asidik gidalarda ve mide ortaminda hayatta
kalabilmek icin Glutamat Dekarboksilaz (GAD) sistemi, Arginin
Deiminaz (ADI) yolu ve proton pompast (FoFi-ATPaz) gibi
mekanizmalar1 kullanir. GAD sistemi, hiicre i¢indeki protonlari
tiketerek  sitoplazmik  pH’min  ylikseltilmesine  katki
saglamaktadir (Wiktorczyk-Kapischke vd., 2021).

Alkali Stresi: Temizlik maddelerinden kaynaklanan alkali
stresin adaptasyonunun sicakliga bagli oldugu, 37°C ve 22°C’de
adaptasyon gelisirken, 4°C’de bu adaptasyon sinirli kalmaktadir
(Shen vd., 2016). Buna ek olarak alkali kosullarda bakteri, hiicre
yuzeyinde modifikasyonlar yapar ve proton tutma kapasitesini
artirmak amaciyla bazi yag asitlerinin (6zellikle anteiso formlari)
oranini degistirir (Osek vd., 2022).

3.3. Tuz (Ozmotik Stres)

Gida endiistrisinde koruyucu olarak kullanilan yiiksek tuz
konsantrasyonlar1 bakterilerde plazmolize neden olabilmektedir
ancak L. monocytogenes bu kosullara kars1 belirgin bir tolerans
sergilemektedir. L. monocytogenes’in genellikle %10 NaCl
konsantrasyonuna dayanabildigi hatta bazi durumlarda bu
toleransin %20’ye kadar cikabildigi bildirilmektedir (Osek vd.,
2022). Ayrica bu patojen ozmotik dengeyi korumak amaciyla
hicre icine glisin betain ve karnitin gibi ¢oziinen maddeler
biriktirebilir. Bu stiregte BetL, Gbu ve OpuC tasiyici sistemleri
gorev alir ve bu sistemler alternatif sigma faktorii B tarafindan
duzenlenmektedir (Wiktorczyk-Kapischke vd., 2021).
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4. SUT URETIMINDE L. MONOCYTOGENES
KONTAMINASYON KAYNAKLARI

L. monocytogenes, toprak, su ve digkida yaygin olarak
bulunan, sit ve sut driinlerinde kontaminasyona neden olabilen
onemli  bir zoonotik patojendir (Gouin vd., 2019).
Mikroorganizma; listeriyal mastitli, ensefalitli veya abort yapan
hayvanlardan dogrudan siite gecebildigi gibi, asemptomatik
tastyic1 hayvanlar tarafindan da siitle ¢evreye sacilabilmektedir.
Ayrica kontamine yem ve su kaynaklari ile sagim, depolama ve
nakliye  asamalarindaki  yetersiz  hijyen  uygulamalar
kontaminasyonun baglica kaynaklar1 arasinda yer almaktadir
(Bangieva ve Rusev, 2017). Gida liretim ortamlarinda uzun siire
canliligin siirdiirebilen L. monocytogenes’in sagim ekipmanlari
tizerinde biyofilm olusturma yetenegi, ¢evresel kaliciligini ve
dezenfeksiyon islemlerine karsi direncini artirmaktadir (Osek vd.,
2022; Bangieva ve Rusev, 2017). Biyofilm kaynakli
kontaminasyon sonucunda mikroorganizma toplama
tanklarindaki siite gegebilmekte, ancak bildirilen kontaminasyon
duzeyleri ¢ogunlukla diisikk seviyelerde oldugu bildirilmistir
(Castro vd., 2017).

Son yillarda yapilan c¢alismalar, ¢ig siitte L.
monocytogenes prevalansinin pastorize siite gore daha yiiksek
oldugunu gostermektedir (Li vd., 2024). Farkl iilkelerde
bildirilen prevalans oranlari degiskenlik gostermekle birlikte,
ABD’de tank siitlerinde %4,3 (Williams vd., 2023), Afrika’da ¢ig
sitte %5,26 (Oluwafemi vd., 2023) ve Turkiye’de sut ve st
tirtinlerinde %S5 diizeyinde prevalans rapor edilmistir (Barel vd.,
2023). Bildirilen prevalans farkliliklarinin; 6rnekleme stratejileri,
cografi ve mevsimsel kosullar, sut kalitesi, kontaminasyon dizeyi
ve  kullanilan  analiz ~ yoOntemlerinden  kaynaklandigi
diisiintilmektedir (Kupradit vd., 2020).
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5. LABORATUVAR TANISI

Insan klinik ve gida 6rneklerinde L. monocytogenes tanist,
etkenin ylksek mortalite potansiyeli ve psikrotrofik ozellikleri
nedeniyle Ozenli ve standartlara uygun bir yaklasim
gerektirmektedir (Tahoun vd., 2017). Klinik tanida altin standart
yontem, kan, beyin omurilik sivis1 (BOS), amniyotik sivi veya
plasenta dokusu gibi normalde steril kabul edilen 6rneklerden
etkenin izolasyonudur. Merkezi sinir sistemi enfeksiyonlarinda
BOS analizi genellikle monontkleer hiucre agirlikli pleositoz,
artmig protein diizeyi ve diisiik glukoz konsantrasyonu ile
karakterizedir; ancak Gram boyamanin duyarliligi (%24-33),
etkenin diisiik yogunlugu ve pleomorfik yapist nedeniyle
diisiiktiir (Oztlirk vd., 2019).

Kiiltiirde elde edilen izolatlar; katalaz pozitifligi, %5
koyun kanli agarda dar beta-hemoliz zonu olusturmasi, 20-
25°C’de tipik “tumbling” motilite gostermesi ve Staphylococcus
aureus ile yapilan CAMP (Christie Atkins Munch Petersen)
testinde ok wucu seklinde sinerjik hemoliz olusumu ile
dogrulanmaktadir (Ramsey vd., 2010). Sut ve sut Grinlerinin
analizinde ise Amerikan Gida ve Ilag Dairesi Bakteriyolojik
Analiz El Kitab1 Béliim 10 veya EN ISO 11290 standartlar1 temel
alinmaktadir. Bu yontemler, subletal hasar gérmiis hiicrelerin
lyilesmesini  saglamak amaciyla sodyum piriivat igeren
Tamponlanmis Listeria Zenginlestirme Besiyeri (Buffered
Listeria Enrichment Broth, BLEB) veya Half-Fraser/Fraser broth
gibi asamali selektif zenginlestirme basamaklarini icermektedir
(Kamisaki-Horikoshi vd., 2017). Zenginlestirme sonrast ALOA
(Agar Listeria according to Ottaviani and Agosti) gibi kromojenik
agarlarda mavi-yesil koloniler etrafinda olusan opak halo, etkenin
fosfatidilinozitol-spesifik fosfolipaz C (PI-PLC) aktivitesini
gOstererek Listeria tiirleri arasinda ayrim yapilmasini saglar
(Stessl vd., 2009). Tani siirecini hizlandirmak amaciyla hem
klinik hem de gida drneklerinde gergek zamanli Polimeraz Zincir
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Reaksiyonu ve immiinomanyetik ayirma yontemleri giincel
laboratuvar uygulamalarinda yaygin olarak kullanilmaktadir
(Rawool vd., 2016).

6. KONTROL, ONLEME STRATEJILERI

L. monocytogenes’in gesitli zorlu ¢evresel kosullara uyum
saglama kapasitesinin yiiksek olmasi ve 6zellikle risk gruplarinda
ciddi enfeksiyonlara yol agabilmesi nedeniyle énemli bir gida
giivenligi sorunu olusturmaktadir (Belias vd., 2024). Bu nedenle,
riskin etkin yOnetimi igin “ciftlikten catala” yaklasimi
dogrultusunda tiim {retim zinciri boyunca biitlinciil kontrol
stratejilerinin uygulanmasi gerekmektedir.

Ciftlik duzeyinde koruma hijyenik su kaynagi, uygun
standartlarda hazirlanan silaj, diizenli olarak yapilan ahir hijyeni,
personel hijyeni ve hayvan hareketlerinin kontrolt ile
saglanabilir. Cig siitliin diizenli olarak izlenmesi ve kontamine
partilerin sistemden uzaklagtirilmasi risk yonetiminde temel bir
uygulamadir. Ayrica pastdrizasyon, Listeria eliminasyonunda en
etkili yontem olarak kabul edilmekte buna ek olarak isletme
diizeyinde diizenli temizlik ve dezenfeksiyon uygulamalar
biyofilm olusumu ve ¢apraz kontaminasyonun Onlenmesinde
kritik rol oynamaktadir (Gonzales-Barron vd., 2023). Mikrobiyal
kontaminasyonun izlenmesi, gelismis tespit tekniklerinin
kullanimimi ve HACCP (Hazard Analysis and Critical Control
Points) temelli onleyici kontrol sistemlerinin uygulanmasini
gerekli kilmakta ve bu yaklasimlar gida giivenligi yonetimini
guclendirmektedir (Farid vd., 2025).

Tiiketici diizeyinde ise buzdolabi hijyeni ve uygun soguk
zincir yonetimi, patojen ¢ogalmasinin énlenmesinde énemli bir
kontrol basamagidir. Yiizeylerin diizenli temizligi, dokiintiilerin
uzaklastirilmas1 ve buzdolabi sicakliklarinin yaklasik 4°C’nin,
dondurucu sicakliginin ise -18°C’nin altinda tutulmalidir.
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Sicaklik kontroliinlin termometreler araciligiyla izlenmesi, hedef
kosullarin siirekliligi saglanmalidir (FDA, 2023). Ayrica 6zellikle
risk grubundaki bireylerin taze veya uygun sekilde islenmemis
¢ig slit ve siit Uriinlerinin tiikketimi konusunda bilinglendirilmesi
de gerekmektedir (Kananub vd., 2024). Bu baglamda L.
monocytogenes’e karst korunma ve kontrol stratejileri biiyiik
Onem tagimakta ve uygulanan yaklasimlar ¢esitli iilkelerin gida
mevzuatlari ¢ercevesinde diizenlenmektedir.

7. ULUSLARASI GIDA GUVENLIGIi
SISTEMLERI

Uluslararas1  diizeyde, L. monocytogenes igin
mikrobiyolojik kriterler énemli 6lciide uyum gostermekte olup
duzenleyici cerceveler genel olarak patojenin Uremesini
destekleyen gidalar ile desteklemeyen gidalar arasinda ayrim
yapmaktadir. Codex Alimentarius Komisyonu L.
monocytogenes’in liremesini destekleyen gidalarda 25 g’da
bulunmama kriteri uygulanirken, {iremeyi desteklemeyen
gidalarda raf 6mrii boyunca 100 kob/g’1n altindaki seviyelere izin
verebilmektedir (Codex Alimentarius Komisyonu, 2007). Buna
karsilk, ABD Gida ve Ilag Idaresi (Food and Drug
Administration; FDA), yaklasiminda ise tiiketime hazir gidalarda
L. monocytogenes’in varligi kabul edilmemekte ve firiinlerin
giivenligi acisindan tespit edilebilir diizeyde bulunmamasi
hedeflenmektedir. Bu nedenle uygulamada 25 g Ornekte
bulunmama prensibi, tilketime hazir gidalar i¢in siki bir kontrol
kriteri olarak degerlendirilmektedir (FDA, 2017). Avrupa
Birligi’nin  2024/2895 sayili Yonetmeligi’ne gore ise, L.
monocytogenes i¢in 100 kob/g siniri, iiriiniin raf dmrii boyunca
bu degerin asilmayacagmin tahmin modelleri ile yetkili
otoritelere kanitlanabildigi durumlarda uygulanabilmektedir. Bu
tiir bilimsel dogrulamanin saglanamadig1 durumlarda, {iriiniin raf
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O6mru boyunca 25 g’da L. monocytogenes bulunmamasi kriteri
gecerliligini korumaktadir. Ayrica s6z konusu diizenleme, gida
isletmecilerinin HACCP planlar1 kapsaminda raf 6mrii siiresince
ara kontrol limitleri belirlemesini ve izleme programlarini
periyodik dogrulama ¢alismalarina tabi tutmasii zorunlu
kilmaktadir (European Commission, 2024). Ulkemizde ise Tiirk
Gida Kodeksi Mikrobiyolojik Kriterler Yonetmeligi’ne gore siit
ve sut drdnlerinde L. monocytogenes icin temel kriter, Grindn 25
g veya 25 mL’sinde bakterinin bulunmamasidir. Bu kapsamda,
analiz edilen herhangi bir numunede L. monocytogenes tespit
edilmesi, iirliniin mikrobiyolojik acidan uygunsuz olarak
degerlendirilmesine neden olmaktadir (TGK, 2025).

Sonug olarak genel bir degerlendirme yapildiginda
uluslararas1 diizenlemeler “sifir tolerans” yaklagimin1i veya
urinun raf  6mrd  boyunca mikrobiyolojik stabilitesinin
kanitlanmasina dayali risk temelli limitleri benimseyerek, gida
giivenliginin saglanmasinda farkli fakat birbirini tamamlayan
stratejiler ortaya koymuslardir.

8. SONUC

L. monocytogenes, siit ve siit liriinleri basta olmak {iizere
gida zincirinde onemli bir halk saghg tehdidi olmaya devam
etmektedir. Patojenin psikrofilik yapisi, biyofilm olusturma
yetenegi ve ¢evresel stres faktorlerine karsi gelistirdigi direng,
gida isleme ortamlarinda kaliciligin1 ve kontaminasyon riskini
artirmakta. Bu durum basta gebeler, yenidoganlar, yaslilar ve
immiin sistemi baskilanmis bireyler olmak iizere hassas
populasyonlarda ciddi morbidite ve yiuksek mortalite ile seyreden
listeriyoz vakalarina yol agabilmektedir. Kontaminasyonun
ciftlikten tiketiciye uzanan surecte hijyen eksiklikleri, yetersiz
sogutma ve ekipman kaynakli bulagsma ile yayildig
bilinmektedir. Etkin kontrol pastdrizasyon, hijyen uygulamalari,
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soguk zincir yonetimi ve tiiketici egitimini kapsayan biitiinciil bir
yaklasimi gerektirmektedir. L. monocytogenes kaynakli risklerin
azaltilmast siirveyansin giiclendirilmesi, mevzuatin
giincellenmesi  ve toplumsal farkindaligin artirilmasi ile
mumkdndur.
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BEYOND ANTIBIOTICS: EMERGING
STRATEGIES FOR THE MANAGEMENT OF
BACTERIAL INFECTIONS IN THE ERA OF

ANTIMICROBIAL RESISTANCE

Eylul HARAVI*

1. INTRODUCTION

The discovery of antibiotics changed modern medicine
and is still seen as one of healthcare's biggest wins. Since
penicillin came into play, these drugs have really cut down
sickness and death from bacterial infections, allowing for
progress in surgery, organ transplants, cancer treatments, and
intensive care. But the power of these medications is increasingly
at risk due to antimicrobial resistance (AMR), which is now
considered one of the top public health threats of this century
(Davies & Davies, 2010; Murray et al., 2022).

AMR happens when microorganisms develop ways to
reduce or even stop the effectiveness of these drugs. While
resistance is a part of natural evolution, it's been sped up by the
misuse and overuse of antibiotics in human medicine, veterinary
care, and farming. Other issues, like poor infection control, lack
of sanitation, environmental pollution, and global travel, have
made it even easier for resistant germs to spread worldwide
(Holmes et al., 2016; Prestinaci et al., 2015).

The global impact of AMR keeps rising, with bacterial
resistance linked to about 1.27 million deaths and playing a part
in nearly 5 million deaths around the world in 2019 (Murray et
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al., 2022). Besides affecting health, AMR comes with hefty
economic costs due to longer hospital stays, rising healthcare
costs, lost productivity, and the need for more complicated
treatments. If we don’t act effectively, antimicrobial resistance is
likely to pose an even bigger risk to global health and economic
stability in the future (O'Neill, 2016).

Seeing how urgent this issue is, the World Health
Organization (WHO) has pinpointed several antibiotic-resistant
pathogens that need quick research and development attention.
It’s especially worrying how multidrug-resistant organisms, like
carbapenem-resistant Acinetobacter baumannii, Pseudomonas
aeruginosa, resistant Enterobacterales, and methicillin-resistant
Staphylococcus aureus (MRSA), are linked to serious infections
with very few treatment options (Tacconelli et al., 2018; WHO,
2024).

Even though developing new antibiotics is still super
important, the current pipeline for antibiotic discovery isn’t
keeping up with how fast resistance evolves. Various scientific,
economic, and regulatory hurdles have slowed down the
introduction of new antibacterial drugs, and resistance often
shows up shortly after these new drugs hit the market
(Theuretzbacher et al., 2020). Because of this, there's been a
growing interest in creative treatment options that can either work
alongside or lessen our dependence on traditional antibiotics.

Recent strides in microbiology, immunology, synthetic
biology, and nanotech have brought forth several exciting
alternatives, such as bacteriophage therapy, antimicrobial
peptides, microbiome-based treatments, anti-virulence methods,
CRISPR-Cas technologies, immunotherapies, and
nanotechnology-assisted antimicrobial systems. These methods
aim at bacterial virulence, interactions between hosts and
pathogens, or specific resistance factors, which might help ease
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the selective pressures that contribute to resistance development
(Czaplewski et al., 2016; Aslam et al., 2021).

This chapter looks at the biological foundations,
therapeutic uses, current evidence, and future potentials of these
new strategies, emphasizing their possible role in tackling the
rising global challenge of antimicrobial resistance.

2. ANTIMICROBIAL RESISTANCE: A GLOBAL
CRISIS

Antimicrobial resistance (AMR) is a major threat to global
public health, undermining the effectiveness of antibiotics that
once revolutionized the treatment of infectious diseases since
penicillin was discovered. The widespread, often misuse of
antibiotics in human medicine, veterinary practices, and
agriculture has sped up the rise and spread of resistant bacterial
strains, jeopardizing decades of therapeutic advancement (Davies
& Davies, 2010; Ventola, 2015).

The World Health Organization (WHO) has flagged
antimicrobial resistance as a priority health challenge and pointed
out several antibiotic-resistant pathogens that need urgent
research and development efforts. Of particular concern are
multidrug-resistant (MDR), extensively drug-resistant (XDR),
and pan-drug-resistant (PDR) bacteria—Ilike methicillin-resistant
Staphylococcus  aureus  (MRSA),  carbapenem-resistant
Enterobacterales (CRE), multidrug-resistant Pseudomonas
aeruginosa, and drug-resistant Acinetobacter baumannii—which
severely limit available treatment options (World Health
Organization [WHQY], 2024; Tacconelli et al., 2018).

I mean, while resistance is a natural evolutionary process,
its spread has been fueled by inappropriate antibiotic prescribing,
self-medication, poor treatment adherence, lax infection control
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practices, and extensive antibiotic use in livestock. And
globalization—along with international travel—facilitates the
rapid spread of resistant microorganisms across different regions
(Holmes et al., 2016; Prestinaci et al., 2015).

The effects of AMR reach beyond just treatment failures.
Infections that are resistant lead to higher morbidity and mortality
rates, longer hospital stays, and huge healthcare costs. Honestly,
AMR jeopardizes the safety of wvarious modern medical
procedures, like organ transplants, chemotherapy, intensive care
treatments, and major surgeries—all of which rely on effective
antimicrobial prophylaxis and treatment (O'Neill, 2016; Murray
et al., 2022).

Recent estimates suggest that antimicrobial resistance is
responsible for millions of deaths globally each year, and this
burden is set to grow if current trends keep going. So, there’s a
pressing need for new therapeutic approaches that can work
alongside conventional antibiotics. Emerging strategies—Ilike
bacteriophage therapy, antimicrobial peptides, microbiome-based
interventions,  anti-virulence  therapies, = CRISPR-based
technologies, immunotherapies, and solutions driven by
nanotechnology—are increasingly being explored as potential
measures to tackle the escalating AMR crisis (Murray et al., 2022;
Dadgostar, 2019).

2.1. Mechanisms of Resistance

Bacteria have a variety of molecular mechanisms to dodge
the effects of antimicrobial agents. These might come from
spontaneous genetic mutations or from acquiring resistance genes
through horizontal gene transfer, which includes transformation,
transduction, and conjugation. The rapid spread of resistance
determinants among bacterial populations has heavily contributed
to the global AMR crisis (Blair et al., 2015; Munita & Arias,
2016).
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2.1.1.Enzymatic  Degradation and  Antibiotic
Inactivation

One of the most common resistance tactics involves
producing enzymes that can degrade or modify antimicrobial
agents. p-lactamases are a well-known example, breaking down
the pB-lactam ring found in penicillins, cephalosporins, and
carbapenems. The rise of extended-spectrum [-lactamases
(ESBLs) and carbapenemases has seriously cut down the
effectiveness of many frontline antibiotics. Other bacterial
enzymes can chemically alter aminoglycosides, chloramphenicol,
and macrolides, making these drugs ineffective (Bush &
Bradford, 2020; Tooke et al., 2019).

2.1.2. Efflux Pumps

Efflux pumps are membrane-associated transport systems
that help bacteria protect themselves from the harmful effects of
antimicrobial agents. These proteins actively expel antibiotics
from the bacterial cell before the drugs can reach their
intracellular targets and exert their effects. Some efflux pumps are
capable of recognizing and removing a wide range of structurally
unrelated compounds, allowing bacteria to develop resistance to
multiple antibiotic classes simultaneously. Increased expression
of these systems is a major contributor to multidrug resistance in
clinically  important pathogens such  as Pseudomonas
aeruginosa, Acinetobacter baumannii, and several members of
the Enterobacterales family (Du et al., 2018; Li et al., 2015).

2.1.3. Target Modification

Many antibiotics act by binding to specific bacterial
proteins or cellular structures that are essential for survival.
However, bacteria can acquire mutations or resistance genes that
alter these targets, reducing antibiotic binding while maintaining
normal cellular function. As a result, the antimicrobial agent
becomes less effective or completely ineffective. Well-known
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examples include modifications of penicillin-binding proteins in
methicillin-resistant Staphylococcus aureus(MRSA), mutations
in DNA gyrase and topoisomerase IV associated with
fluoroquinolone resistance, and structural changes in ribosomal
components that confer resistance to macrolides and
aminoglycosides (Munita & Arias, 2016; Blair et al., 2015).

2.1.4.Reduced Membrane Permeability

In Gram-negative bacteria, the outer membrane acts as an
additional protective barrier against external threats, including
antibiotics. Changes in membrane porins, which normally allow
molecules to enter the bacterial cell, can reduce antibiotic uptake
and limit intracellular drug concentrations. Although this
mechanism alone may provide only moderate protection, it
frequently works together with efflux pumps and antibiotic-
inactivating enzymes to produce high levels of antimicrobial
resistance (Delcour, 2009; Blair et al., 2015).

2.1.5.Biofilm-Associated Resistance

Many bacterial species can form biofilms, which are
highly organized microbial communities enclosed within a self-
produced extracellular matrix. Biofilm formation provides
protection against environmental stress, host immune responses,
and antimicrobial agents, allowing bacteria to persist in both
clinical and environmental settings. Within biofilms, bacterial
cells often exhibit slower metabolic activity, reduced antibiotic
penetration, and enhanced horizontal gene transfer. These
characteristics make biofilm-associated infections particularly
difficult to eradicate and contribute to the development of chronic
and recurrent infections (Hall & Mah, 2017; Flemming et al.,
2016).

Importantly, several of these resistance mechanisms may
coexist within a single bacterial strain. The simultaneous presence
of enzymatic inactivation, target modification, reduced
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permeability, and active efflux can result in multidrug resistance,
greatly limiting available treatment options. This complexity
highlights the urgent need for innovative therapeutic approaches
that act through mechanisms distinct from those of conventional
antibiotics (Blair et al., 2015; Munita & Arias, 2016).

2.2. Clinical and Economic Impact

The impact of antimicrobial resistance (AMR) extends far
beyond the treatment of individual infections. As resistant
bacterial pathogens become increasingly widespread, healthcare
systems around the world face growing challenges in controlling
common infectious diseases. These challenges translate into
increased morbidity and mortality, greater healthcare utilization,
and substantial economic costs. The burden is particularly evident
in hospitals, where resistant infections are often associated with
prolonged hospitalization, treatment failure, and limited
therapeutic options (Murray et al., 2022).

From a clinical perspective, AMR has become a major
cause of preventable illness and death. Resistant bacteria are
responsible for a wide range of healthcare-associated and
community-acquired  infections,  including  pneumonia,
bloodstream infections, urinary tract infections, and surgical site
infections. Compared with infections caused by susceptible
organisms, multidrug-resistant infections are more difficult to
treat and are frequently associated with delayed recovery,
increased complications, and poorer clinical outcomes. A
comprehensive global analysis estimated that bacterial AMR was
directly responsible for approximately 1.27 million deaths in
2019 and contributed to nearly 5 million deaths worldwide,
emphasizing its growing importance as a global health threat
(Murray et al., 2022).

The economic consequences of AMR are equally
substantial. Resistant infections often require longer hospital
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stays, additional laboratory investigations, more expensive
antimicrobial agents, and intensive supportive care. These factors
increase healthcare expenditures and place considerable pressure
on already strained healthcare systems. The burden is especially
significant in low- and middle-income countries, where access to
advanced diagnostics and novel treatments may be limited.
Beyond direct medical costs, AMR also generates important
societal costs through productivity losses, long-term disability,
and premature mortality, further amplifying its economic impact
(O'Neill, 2016).

The consequences of AMR are not limited to the treatment
of infectious diseases but extend to many areas of modern
medicine. Procedures such as organ transplantation, cancer
chemotherapy, neonatal intensive care, and major surgical
interventions depend heavily on the availability of effective
antimicrobial agents for infection prevention and treatment. As
antimicrobial resistance continues to increase, the safety and
success of these procedures may be jeopardized, posing a
significant challenge to healthcare systems worldwide. Current
projections indicate that, in the absence of effective global
interventions, AMR could be responsible for millions of
additional deaths each year and lead to substantial economic
losses over the coming decades. These alarming forecasts
highlight the importance of strengthening antimicrobial
stewardship, improving infection prevention and control
measures, expanding surveillance programs, and accelerating the
development of novel therapeutic approaches that reduce reliance
on conventional antibiotics (O'Neill, 2016).

Taken together, the clinical and economic burden of
antimicrobial resistance demonstrates that AMR is far more than
a microbiological problem. It represents a complex global
challenge with important implications for public health,
healthcare sustainability, and economic development. Addressing
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this threat will require coordinated efforts that combine
innovative antimicrobial strategies with existing prevention and
treatment practices to preserve the effectiveness of infectious
disease management in the future.

3. BACTERIOPHAGE THERAPY
3.1. Biology of Bacteriophages

Bacteriophages, or simply phages, are viruses that
specifically infect bacteria. They are considered the most
abundant biological entities on Earth, with an estimated
population exceeding 103 particles distributed across diverse
environments, including soil, water, animals, and the human
microbiota. Since their discovery by Frederick Twort in 1915 and
Felix d’Hérelle in 1917, phages have attracted considerable
scientific interest because of their unique ability to recognize and
eliminate bacterial cells with remarkable specificity (Kortright et
al., 2019).

Although bacteriophages exhibit considerable diversity in
morphology and genetic composition, their life cycles are
generally classified as either lytic or lysogenic. Lytic phages
infect bacterial cells, replicate within them, and ultimately cause
cell lysis, releasing newly formed viral particles into the
surrounding environment. In contrast, temperate phages can
integrate their genetic material into the bacterial genome and
remain dormant for extended periods before becoming active.
Because lytic phages directly kill their bacterial hosts, they are
regarded as the most suitable candidates for therapeutic
applications (Gordillo Altamirano & Barr, 2019).

One of the most distinctive features of bacteriophages is
their high degree of host specificity. Unlike broad-spectrum
antibiotics, which often affect both pathogenic and beneficial
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microorganisms, phages typically target only particular bacterial
species or strains. This selective activity offers the possibility of
controlling infections while minimizing disruption of the normal
microbiota. Another important advantage is their ability to
replicate at the site of infection. As long as susceptible bacterial
hosts are present, phage populations can increase naturally,
potentially enhancing their therapeutic effectiveness without
repeated dose escalation (Strathdee et al., 2023).

3.2. Therapeutic Applications
3.2.1. Multidrug-Resistant Infections

The resurgence of interest in phage therapy is largely
driven by the rapid increase in multidrug-resistant (MDR)
bacterial pathogens. Numerous experimental and clinical studies
have demonstrated the capacity of bacteriophages to target
pathogens that exhibit resistance to multiple antibiotic classes,
including Pseudomonas aeruginosa, Acinetobacter
baumannii, Klebsiella pneumoniae, and methicillin-
resistant Staphylococcus aureus (MRSA). Compassionate-use
cases and early clinical investigations have reported successful
treatment outcomes in patients with severe infections that were
refractory to conventional antimicrobial therapy, highlighting the
potential of phages as an adjunct or alternative to antibiotics
(Kortright et al., 2019; Strathdee et al., 2023).

3.2.2.Chronic Wound Infections

Chronic wounds, including diabetic foot ulcers, pressure
ulcers, and burn-associated infections, frequently involve
biofilm-forming bacterial populations that are highly tolerant to
antibiotic treatment. Bacteriophages possess several properties
that make them particularly attractive for the management of
these infections. In addition to directly lysing bacterial cells,
certain phages produce depolymerizing enzymes capable of
degrading components of the biofilm matrix, thereby improving

75



Tibbi Mikrobivoloji Alaninda Akademik Tartismalar

bacterial accessibility and enhancing antimicrobial efficacy.
Experimental studies and preliminary clinical observations
suggest that phage-based formulations may contribute to wound
healing by reducing bacterial burden and disrupting persistent
biofilms (Gordillo Altamirano & Barr, 2019).

3.2.3.Respiratory Infections

Respiratory infections caused by antibiotic-resistant
bacteria represent another promising target for phage therapy.
Chronic pulmonary infections associated with cystic fibrosis,
ventilator-associated  pneumonia, and  hospital-acquired
pneumonia frequently involve pathogens such as Pseudomonas
aeruginosa and Acinetobacter baumannii. Inhaled or nebulized
phage preparations have demonstrated encouraging results in
preclinical models by reducing bacterial colonization and
improving lung function. Although large-scale clinical evidence
remains limited, ongoing studies continue to explore the safety,
efficacy, and optimal delivery methods of phage therapy for
respiratory infections (Abedon et al., 2017; Strathdee et al.,
2023).

3.3. Advantages and Limitations

The growing interest in bacteriophage therapy stems from
several unique advantages over conventional antibiotics. Phages
exhibit high specificity toward target pathogens, reducing
collateral damage to beneficial microbiota and potentially
minimizing dysbiosis-associated complications. Their ability to
replicate at infection sites enables adaptive amplification, and
their effectiveness against antibiotic-resistant and biofilm-
associated bacteria offers important therapeutic opportunities in
situations where conventional treatments fail. Furthermore,
phages can be combined with antibiotics, often producing
synergistic antibacterial effects that enhance bacterial eradication
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and may reduce the likelihood of resistance development
(Kortright et al., 2019).

Despite these advantages, significant challenges continue
to limit the widespread clinical implementation of phage therapy.
The narrow host range of many phages necessitates careful
matching between phage preparations and bacterial isolates,
which may delay treatment initiation. Bacteria may also evolve
resistance to therapeutic phages, although phages can often co-
evolve to overcome such resistance. Additional concerns include
regulatory uncertainty, manufacturing standardization, quality
control, pharmacokinetic variability, and the potential influence
of host immune responses on phage activity. Moreover, large
randomized clinical trials remain relatively scarce compared with
those available for conventional antibiotics (Strathdee et al.,
2023).

Nevertheless, advances in genomic engineering, synthetic
biology, and precision medicine are rapidly addressing many of
these limitations. As antimicrobial resistance continues to
threaten the effectiveness of traditional antibiotics, bacteriophage
therapy has emerged as one of the most promising biological
alternatives, offering a highly targeted and adaptable approach to
the management of bacterial infections in the post-antibiotic era.

4. ANTIMICROBIAL PEPTIDES (AMPS)
4.1. Natural Host Defense Molecules

Antimicrobial peptides (AMPs), also referred to as host
defense peptides, constitute an integral part of innate immunity
and are present in almost all living organisms including
microorganisms, plants, invertebrates and vertebrates. These are
small amino acid sequences, usually positively charged peptides
that form one of the first lines of defense to pathogenic organisms
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and are essential part of maintaining protection of the host from
bacterial, fungal, viral, and parasitic disease. In human, AMPs are
secreted by epithelial tissue and immune cells, such as
neutrophils, macrophages as well as epithelial cells of skin,
respiratory tract and gastrointestinal mucosa (Mookherjee et al.,
2020).

In contrast to traditional antibiotics, which tend to work
by binding to and inhibiting a particular bacterial structure or
metabolic process, AMPs are multifunctional molecules with
direct antimicrobial activity and immunomodulatory functions.
Well-studied human AMPs are defensins and cathelicidins, in
particular the peptide LL-37, that not only mediate pathogen
clearance but also regulate the inflammatory responses and
influence tissue repair. As AMPs are naturally present in host
defenses, they are increasingly considered as conceivable
substitutes and enhancers of conventional antimicrobial treatment
in the face of rising antimicrobial resistance, making them a
promising class of therapeutics.

4.2. Mechanisms of Action

The antimicrobial activity of AMPs is largely due to their
anionic bacterial membrane interaction. Most peptides from
antimicrobials have a positive net charge which allows them to
interact electrostatically with the negatively charged bacterial cell
envelope components. After binding with the membrane, AMPs
may perturb membrane integrity by several mechanisms such as
forming pores, destabilizing the membrane structure,
disorganizing the lipid bilayer. The consequence of these
interactions is release of intracellular components and rapid
bacterial cell death. Several antimicrobial peptides are also
active intracellularly, in addition to their membrane-mediated
actions.
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Some AMPs are capable of invading bacterial cells and
they inhibit vital processes like protein synthesis, nucleic acid
replication, enzyme activity, and cell wall formation. And more
importantly, many  host  defense  peptides  have
immunomodulatory properties and can influence cytokine
production, leukocyte recruitment, phagocytosis and wound
healing (Mookherjee et al., 2009). Such dual anti-
microbial/immune-regulatory activities could be associated with
less propensity to generate resistance when compared with more
conventional antibiotics that act on a single molecular target
(Mookherjee etal., 2020).

The fact that AMPs can exert potent activity not only
against sensitive bacteria but also against multidrug-resistant
bacteria, has raised high expectations on their utility as
therapeutic agents. Certainly, their abilities to modulate host
immune responses could add further advantages in infections
when these are accompanied by excessive inflammation or
defective immunity.

4.3. Clinical Development and Challenges

The growing threat of antimicrobial resistance has
accelerated efforts to develop antimicrobial peptides as novel
therapeutic agents. Numerous naturally occurring and synthetic
AMPs have demonstrated promising activity against clinically
relevant pathogens, including methicillin-
resistant Staphylococcus aureus (MRSA), multidrug-
resistant Pseudomonas aeruginosa, and carbapenem-resistant
Gram-negative bacteria. Several peptide-based candidates have
progressed to preclinical and clinical evaluation for indications
such as skin and soft tissue infections, diabetic wounds,
respiratory infections, and medical device-associated biofilm
infections (Mahlapuu et al., 2020).
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Despite these encouraging findings, the clinical
translation of antimicrobial peptides remains challenging. One
major limitation is their susceptibility to enzymatic degradation
by host proteases, which can reduce biological activity and limit
systemic administration. Additional concerns include potential
cytotoxicity at high concentrations, relatively short half-lives,
manufacturing costs, and difficulties associated with large-scale
production. Furthermore, pharmacokinetic properties such as
tissue distribution and stability require optimization to ensure
effective therapeutic performance.

Recent advances in peptide engineering, nanotechnology-
based delivery systems, and synthetic biology have provided new
opportunities to overcome these limitations. Structural
modifications, peptide mimetics, encapsulation technologies, and
combination therapies are currently being explored to improve
stability, efficacy, and safety profiles. As these technologies
continue to evolve, antimicrobial peptides are increasingly
viewed as promising candidates for next-generation anti-infective
therapies capable of addressing the growing burden of
antimicrobial resistance.

Overall, antimicrobial peptides represent a unique class of
therapeutic molecules that bridge innate immunity and
antimicrobial intervention. Their multifunctional nature, broad-
spectrum activity, and potential to complement existing
antibiotics position them as attractive components of future
strategies aimed at combating resistant bacterial infections.
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5. PROBIOTICS, POSTBIOTICS AND
MICROBIOME-BASED THERAPIES

5.1. Gut Microbiota and Colonization Resistance

The human small intestine is home to a remarkably
diverse array of microbes that are essential for human health and
that provide a barrier to infection. Such complex population of
microorganisms is involved in nutrient metabolism, development
of immune system and host physiological functions. Among its
most relevant protective functions, is the so called colonization
resistance, a mechanism by means of which autochthonous
microorganisms makes difficult that pathogens bacteria settle
down and grow. Colonization resistance is mediated via different
mechanisms, such as competition for nutrients and ecological
niches, synthesis of antimicrobial compounds, altering the
intestinal pH, and activation of host immune system (Hill et al.,
2014).

The disturbance of the gut microbiota, sometimes called
dysbiosis, can result from exposure to antibiotics, disease, diet, or
other environmental factors. These changes may reduce diversity
and colonization resistance in the microbiota, allowing
opportunistic pathogens to thrive. The increased vulnerability to
infections after broad-spectrum antibiotic therapy underlines the
need for including options for preservation and restoration of
healthy microbial communities in future antimicrobial policies.

5.2. Probiotic Interventions

Probiotics are live microorganisms which when
administered in adequate amounts, are beneficial to the health of
the host. Several recent reviews have highlighted the growing
interest for probiotics as a mean for pathogen colonization
decease and for support of microbial homeostasis after antibiotic
treatment. Probiotics commonly studied include species of
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Lactobacillus, Bifidobacterium, and the yeast Saccharomyces
boulardii (Hill et al., 2014).

The beneficial effects of probiotics are mediated through
diverse mechanisms. These include competitive exclusion of
pathogenic bacteria, enhancement of epithelial barrier integrity,
production of antimicrobial substances such as bacteriocins and
organic acids, and modulation of local and systemic immune
responses. Although probiotics are not intended to replace
antibiotics in the treatment of severe bacterial infections, they
may contribute to infection prevention and support host resilience
against pathogen colonization, particularly in individuals with
disrupted microbiota.

5.3. Postbiotics and Microbial Metabolites

While probiotics rely on the administration of live
microorganisms, postbiotics consist of non-viable microbial cells,
cell components, or metabolites that exert beneficial biological
effects. Interest in postbiotics has grown substantially because
these preparations may provide many of the advantages
associated with probiotics while avoiding concerns related to
microbial viability, storage stability, and potential risks in
immunocompromised individuals (Salminen et al., 2021).

Among the most extensively studied postbiotic molecules
are short-chain fatty acids, including acetate, propionate, and
butyrate. These metabolites contribute to intestinal barrier
function, regulate inflammatory responses, and influence
interactions between the host and microbial communities.
Additional postbiotic components, such as microbial peptides,
enzymes, polysaccharides, and cell wall fragments, have
demonstrated antimicrobial and immunomodulatory properties.
As understanding of host-microbiome interactions continues to
expand, postbiotics are emerging as promising candidates for
microbiome-targeted therapeutic interventions.
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5.4. Fecal Microbiota Transplantation (FMT)

Fecal microbiota transplantation (FMT) is a
biontervention that was initially conceived as a relatively direct
means to reestablish compromised microbial ecosystems. It is a
procedure in which a fecal suspension from a healthy donor is
introduced into the intestinal tract of a recipient in an attempt to
restore a stable, balanced, and diverse microbial community.
FMT has shown to be remarkably effective in treating recurrent
Clostridioides difficile infection, an illness commonly linked
with antibiotic-related dyshiosis and relapsing episodes of disease
(Ooijevaar et al., 2019).

In addition to its established use in recurrent C. difficile
infection, FMT s being explored for an expanding number of
potential indications such as colonization with multidrug-
resistant bacteria, inflammatory bowel disease, and a variety of
other diseases associated with microbiome perturbation. Re-
establishment of microbial diversity following FMT may also
diminish the intestinal pool of resistant organisms and increase
colonization resistance to opportunistic pathogens. Nevertheless,
issues related to donor screening and selection, pathogen
transmission, the long-term safety, and regulatory oversight are
still causing significant problems for widespread uptake.

Taken together, probiotics, postbiotics and microbiome-
directed therapies constitute a novel concept in the management
of infectious diseases. These strategies do not simply aim to Kkill
the pathogens, but aim to rebalance the host microbiome and
promote the endogenous defense mechanisms against infectious
diseases, which may also help reduce the dependency on
traditional antibiotics.
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6. ANTI-VIRULENCE STRATEGIES

Traditional antimicrobial therapies primarily focus on
inhibiting bacterial growth or directly killing bacterial cells.
While effective, these approaches exert strong selective pressure
that can accelerate the emergence and dissemination of
antimicrobial resistance. In contrast, anti-virulence strategies
seek to attenuate bacterial pathogenicity without necessarily
affecting bacterial viability. By targeting specific virulence
factors required for infection and disease progression, these
approaches aim to reduce host damage while potentially
minimizing the evolutionary pressure associated with
conventional antibiotics (Dickey et al., 2017).

6.1. Quorum Sensing Inhibition

Quorum sensing is a bacterial communication system that
allows bacteria to collectively control gene expression according
to their cell density. Via the synthesis and detection of small
signaling molecules, called autoinducers, bacteria in a community
coordinate the expression of genes that control various processes
that are beneficial for them as multicellular communities. These
include production of factors contributing to virulence, biofilm
formation, motility through secretion of toxins. A number of the
particularly  clinically relevant pathogens (Pseudomonas
aeruginosa, Staphylococcus aureus, and Vibrio species, to name
a few) employ quorum sensing systems as mediators of infection
success (Rutherford & Bassler, 2012).

And because QS controls so many pathogenic traits,
disruption of these signaling pathways is a potential therapeutic
avenue. Quorum sensing inhibitors may act by inhibiting signal
production, degradation of signaling molecules or interfering
with signal-receptor binding. These agents, unlike classical
antibiotics, do not necessarily kill or inhibit bacterial growth but
abate expressed coordinated virulence phenotypes and, thus,
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reduce the capacity of pathogens to colonize host tissues and
evade immune responses. This strategy may diminish selection
for resistance development as well, although evolutionary
responses in the long-term remain an area of active study.

6.2. Toxin Neutralization

Bacterial toxins are among the most important mediators
of host tissue damage and disease severity. Numerous pathogenic
bacteria produce exotoxins or other toxic molecules that disrupt
cellular functions, damage tissues, and facilitate bacterial
dissemination. In many infections, toxin-mediated injury
contributes substantially to clinical manifestations and disease
progression.

Toxin neutralization strategies aim to prevent these
harmful effects without directly targeting bacterial viability.
Approaches include monoclonal antibodies, toxin-binding
molecules, receptor decoys, and vaccines designed to neutralize
specific virulence factors. By blocking toxin activity, these
interventions can reduce tissue damage, improve host survival,
and enhance the effectiveness of immune-mediated pathogen
clearance. Because bacterial survival is not directly threatened,
toxin-targeting therapies may exert less selective pressure for
resistance than conventional antimicrobial agents (Dickey et al.,
2017).

Recent advances in biotechnology have accelerated the
development of highly specific anti-toxin agents. Several
antibody-based therapies have demonstrated promising results
against toxin-producing pathogens and highlight the growing
potential of precision anti-virulence interventions as adjuncts to
existing antimicrobial treatments.
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6.3. Biofilm Disruption

Formation of biofilms is one of the most important
virulence-related traits used by bacterial pathogens. Biofilms are
complex microbial communities embedded in an extracellular
matrix of polysaccharides, proteins, lipids, and extracellular
DNA produced by the community. This matrix shields them
against environmental challenges, host immune system and
antimicrobial drugs, and is associated with the stability of chronic
and relapsing infections.

Biofilm-related infections are prevalent in chronic
wounds, indwelling medical devices, respiratory infections, and
urinary tract infections. Biofilms resident bacteria may have
significantly enhanced antimicrobial tolerance when compared to
their free-floating, planktonic counterparts. Thus treatment of
these infections is often complicated by the need for extended
therapy and/or removal of infected device.

Anti-virulence strategies for biofilms are based on the
principle of mode of action directly involving formation,
sustenance, or biofilm architecture. Liable approaches include the
interference with quorum sensing system, biodegradation of
matrix molecules, anti-bacterial adhesion strategies and the
regulation of intracellular or intercellular signaling pathways on
biofilm progressions. Disrupting biofilm structure, these
strategies may sensitize bacteria to host immune defenses and
traditional antimicrobials. In addition, biofilm-specific drugs may
be of great merit when used along with antibiotics, and could
generate synergistic effects in fighting infections (Dickey et al.,
2017).

Overall, anti-virulence approaches are a promising new
paradigm in the management of infectious diseases. These
strategies do not kill bacteria en masse, but rather disarm
pathogens and diminish their ability to cause disease. As
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knowledge of bacterial pathogenesis continues to grow, anti-
virulence therapies could become key elements of novel
therapeutic regimens aimed at treating infection and at the same
time minimizing the pressure for the development of
antimicrobial resistance.

7. CRISPR-Based Antibacterial Technologies

The discovery of Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) and their associated Cas proteins
has transformed modern molecular biology and opened new
possibilities for combating bacterial infections. Originally
identified as an adaptive immune system used by bacteria and
archaea to defend against invading genetic elements such as
bacteriophages and plasmids, CRISPR-Cas systems can be
programmed to recognize and cleave specific DNA sequences.
This remarkable specificity has generated significant interest in
the development of CRISPR-based antibacterial technologies
capable of selectively targeting pathogenic bacteria and
antimicrobial resistance genes (Bikard & Barrangou, 2017).

7.1. Gene-Specific Elimination of Resistant Bacteria

CRISPR-based antibacterials, in contrast to conventional
antibiotics that can have an activity against a wide range of
microbes, can be engineered to be species-specific or strain-
specific or even to target certain genetic traits. Guide RNAs
program the Cas nucleases to specific DNA sequences, allowing
cleavage of chromosomal genes or resistance-encoding plasmids
at a high level of precision. DNA damage can lead to bacterial
cell death when vital bacterial genes are the targets. Instead,
targeting resistance genes might convert bacteria back to being
susceptible to conventional antibiotics without necessarily
killing the entire population.
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This gene-specific method is particularly appealing for
treating multidrug resistant pathogens because it gives the
opportunity to remove resistance determinants while maintaining
the beneficial members of the microbiota, and the like. That
selectivity could mean fewer off-target ecological effects, which
commonly occur with broad-spectrum antibiotics and that can
contribute to dysbiosis.

7.2. Precision Antimicrobial Approaches

One of the exciting potentials of CRISPR technology is
its use as a precision antimicrobial agent. By modifying guide
RNA sequences for a particular pathogen or resistance gene the
scientists can create specifically targeted treatments that can
distinguish even among very similar bacterial strains. This type
of accuracy is not achievable with traditional antibiotics.

Currently, several delivery methods are under
investigation to deliver CRISPR constructs into bacterial cells
such as bacteriophage, phagemids, conjugative plasmids, and
nanoparticle-based systems. In this regard, engineered
bacteriophages, which take advantage of the natural host
specificity of native phages and the programmable target
specificity of CRISPR systems, have so far attracted the most
attention. These combinations may lead to especially selective
agents against resistant bacteria with less impact on the
surrounding microbial communities (Rodrigues et al., 2019).

7.3. Current Experimental Evidence

While CRISPR-based antimicrobial applications are still
at the early stages of development, a number of proof-of-principle
studies have shown promise. In vitro, resistance genes linked
with B-lactam, carbapenem, and colistin resistance have been
targeted successfully leading to Kkilling of bacteria or re-
sensitization to antibiotics. Further, CRISPR systems can be used
to strip pathogenic bacteria from heterogeneous microbial
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communities without ablating the non-target microbial
community members as demonstrated in experimental studies.

Although these results are encouraging, there are several
obstacles that need to be overcome for general clinical
application. Successful delivery of CRISPR molecules to
bacterial cells is still a significant challenge, especially in the
context of multicomponent complex infection. Other issues
include unintended off-target effects, potential bacterial escape
mechanisms, manufacturing considerations, and regulatory
Issue.s that can add the burden to the potential challenges brought
by this new technology. Yet, new approaches for engineering,
genome editing, and delivery methods are rapidly changing and
hold tremendous promise applicable to this field.

Overall, CRISPR-based antibacterial products are an
innovative, high-specificity option for the treatment of infectious
diseases. And these systems may be particularly well suited to be
combined with antimicrobial therapies for future strategies
designed to help alleviate the global burden of antimicrobial
resistance, due to their ability to allow selective killing of resistant
bacteria and even targeted editing of resistance determinants.

8. IMMUNOTHERAPEUTIC STRATEGIES

The growing incidence of antimicrobial resistance has
prompted renewed interest in treatment approaches that bolster
host defenses rather than inhibit bacterial viability directly.
Immunotherapeutic strategies establish either the prevention of
infection, acceleration of bacterial clearance, or the mitigation of
disease severity through exploitation of host immune system
components. In contrast to traditional antibiotics which apply
selective pressure on the bacteria, immunotherapy intervenes on
natural defence systems and has the potential to be an important
complementary tool to combat resistant pathogens.
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8.1. Monoclonal Antibodies

Monoclonal  antibodies( mADbs) are  selective
immunoglobulins that bind to a unique target on microbial
antigens, toxins or virulence factors. Recent advances in antibody
engineering have led to the generation of antibodies specific for
vital bacterial elements implicated in colonization, immune
evasion, and tissue damage. Compared with broad-spectrum
antimicrobial drugs, monoclonal antibodies have incredible
specificity, protecting the beneficial microbes from collateral
damage due to their action (Zurawski & McLendon, 2020).

Some experimental antibody therapies have shown
promising activity against important bacterial pathogens. Targets
include surface adhesins, secreted toxins, and virulence-
associated proteins from Staphylococcus aureus, Pseudomonas
aeruginosa, and Clostridioides difficile, among others. In
addition, monoclonal antibodies may be combined with
conventional antibiotics, to increase bacterial killing and at the
same time to minimise toxin-mediated tissue damage. While a
small number of antibacterial monoclonal antibodies have
become established for clinical use, the ongoing progress in
biotechnology will likely unlock new therapeutic options.

8.2. Bacterial Vaccine Development

Vaccination continues to be the best way to prevent
infectious diseases and to limit the use of the antibiotics.
Vaccines prevent infection and its associated immune selection
pressure by eliciting protective immune responses prior to
pathogen exposure. Achievements with successful bacterial
vaccines for vaccines against the major pathogens Streptococcus
pneumoniae,  Haemophilus influenzae, and  Neisseria
meningitidis have already resulted in major public health benefits
in terms of reductions in disease, hospitalization, and death
(Jansen & Anderson, 2018). Development of novel, effective
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bacterial vaccines is now a critical aspect of the global AMR
response. The burst of genomics and proteomics with reverse
vaccinology has enabled to identify new antigenic targets, which
could elicit protective immune responses against resistant
pathogens. Ongoing research lines involve vaccines targeting
other MDR pathogens such as Staphylococcus aureus, Klebsiella
pneumoniae and Acinetobacter baumannii. Although important
scientific and regulatory hurdles still exist, potentially successful
immunization approaches may ultimately diminish the burden of
resistant infections by stopping disease before antimicrobial
treatment is needed.

8.3. Immune Modulation Strategies

Besides antibodies and vaccines, therapeutic influence on
the host immune response is an other space of promise for so
lutioning infectious diseases. Immunomodulatory therapies
attempt to boost host-protective antimicrobial activities and
mitigate host-detrimental inflammatory responses that exacerbate
tissue injury and disease severity. Such strategies could also be
especially beneficial in patients with immune deficiency or
severe infections in which immune dysregulation significantly
affects clinical outcome (Hancock et al., 2012).

Several immune-modulatory strategies are currently
under investigation, including cytokine-based therapies,
stimulation of innate immune pathways, administration of host
defense peptides, and manipulation of immune cell function.
These interventions aim to improve pathogen clearance while
preserving immune homeostasis. Importantly, because they target
host responses rather than bacterial cells directly, immune-
modulatory therapies may be less susceptible to the development
of microbial resistance.

Collectively, immunotherapeutic approaches represent a
complementary strategy for addressing the growing challenge of
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antimicrobial resistance. By preventing infections, neutralizing
bacterial virulence factors, and enhancing host defense
mechanisms, monoclonal antibodies, vaccines, and immune-
modulating therapies have the potential to reduce dependence on
conventional antibiotics and contribute to more sustainable
infectious disease management in the future.

9. NANOTECHNOLOGY INANTIBACTERIAL
THERAPY

Nanotechnology has emerged as a promising field in the
development of innovative antimicrobial strategies, offering new
opportunities to overcome many limitations associated with
conventional antibiotics. Nanomaterials possess unique
physicochemical properties, including high surface-area-to-
volume ratios, tunable surface characteristics, and enhanced
interactions with biological systems. These features enable the
design of targeted antimicrobial platforms capable of improving
drug delivery, enhancing antibacterial efficacy, and reducing the
emergence of resistance. As antimicrobial resistance continues to
threaten global health, nanotechnology-based approaches are
increasingly being explored as complementary or alternative
therapeutic options (Makabenta et al., 2021).

9.1. Nanoparticle-Based Drug Delivery

One of the most important applications of nanotechnology
in infectious disease management is the development of
nanoparticle-based drug delivery systems. Conventional
antibiotics often face challenges such as poor bioavailability,
rapid degradation, limited tissue penetration, and systemic
toxicity. Nanoparticle carriers can improve the pharmacokinetic
and pharmacodynamic properties of antimicrobial agents by
protecting drugs from degradation and facilitating controlled
release at infection sites.
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Various nanocarriers, including liposomes, polymeric
nanoparticles, solid lipid nanoparticles, and nanogels, have been
investigated for antimicrobial applications. These systems may
enhance drug accumulation within infected tissues, improve
intracellular delivery, and reduce off-target effects. In addition,
targeted delivery strategies can increase local drug concentrations
while minimizing systemic exposure, potentially improving
therapeutic efficacy and reducing adverse effects. Such
approaches may be particularly valuable for the treatment of
chronic and biofilm-associated infections that are often difficult
to eradicate using conventional antibiotic formulations (Wang et
al., 2017).

9.2. Metal Nanoparticles

Nanoparticles, generally metal-based, are another active
field of research in the antibacterial nanotechnology.
Nanoparticles of silver, gold, copper, zinc oxide and other metals
exhibit patina antimicrobial properties over a wide range of
bacterial pathogens, including multidrug resistant bacteria. Their
antimicrobial activities have been related to several mechanisms,
such as disturbance of bacterial membranes, production of
reactive oxygen species, alteration in cellular metabolism, and
damage of nucleic acids and proteins (Beyth et al., 2015).

Among these materials, Ag NPs have attracted the greatest
attention due to their potent antibacterial activity and broad
applications in wound dressings, medical devices, and surface
coatings. Notably, the multi-target mechanisms underlying the
antibacterial effects of metal nanoparticles may significantly
reduce the likelihood of resistance development compared with
conventional antimicrobial agents that act on a single bacterial
pathway. However, concerns regarding toxicity, environmental
accumulation, and long-term safety remain important challenges
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that must be addressed before their widespread clinical
application.

9.3. Hybrid Antimicrobial Systems

Recent advances have led to the development of hybrid
antimicrobial systems that combine nanotechnology with other
antibacterial approaches. These multifunctional platforms may
incorporate antibiotics, antimicrobial peptides, bacteriophages,
metal nanoparticles, or immune-modulatory agents within a
single delivery system. By integrating multiple mechanisms of
action, hybrid systems aim to enhance antibacterial efficacy while
reducing the probability of resistance emergence.

For example, nanoparticle-antibiotic combinations have
demonstrated synergistic effects against resistant bacterial strains,
while phage-loaded nanomaterials have shown potential for
improving phage stability and targeted delivery. Similarly,
nanoparticles carrying antimicrobial peptides may enhance
peptide stability and prolong biological activity. Such integrated
approaches reflect the growing trend toward combination
therapies that exploit the advantages of multiple antimicrobial
strategies simultaneously (Makabenta et al., 2021).

Overall, nanotechnology offers a versatile platform for
addressing many of the challenges associated with antimicrobial
resistance. Through improved drug delivery, direct antibacterial
activity, and the development of multifunctional therapeutic
systems, nanomaterials have the potential to complement existing
antimicrobial therapies and contribute to the next generation of
infection management strategies. Continued advances in
materials science, biotechnology, and translational research are
expected to further expand the clinical applications of
nanotechnology in combating resistant bacterial infections.
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10. FUTURE PERSPECTIVES AND
CHALLENGES

The growing threat of antimicrobial resistance has
accelerated the search for innovative therapeutic approaches
capable of complementing or replacing conventional antibiotics.
As discussed throughout this chapter, strategies such as
bacteriophage therapy, antimicrobial peptides, microbiome-based
interventions, anti-virulence agents, CRISPR-based technologies,
immunotherapies, and nanotechnology-driven platforms offer
promising alternatives for the management of bacterial infections.
Despite substantial scientific progress, however, significant
challenges must be addressed before these approaches can be
widely integrated into routine clinical practice.

One of the major obstacles involves regulatory and
manufacturing considerations. Most existing regulatory
frameworks were developed specifically for conventional
pharmaceuticals and may not be fully applicable to biologically
complex therapies such as bacteriophages, microbiome-based
products, or gene-targeting technologies. Establishing
standardized procedures for product characterization, quality
control, large-scale manufacturing, and clinical evaluation
remains a critical requirement for successful translation from
laboratory research to clinical implementation (Theuretzbacher et
al., 2020).

Safety considerations also represent an important
challenge. Although many alternative antimicrobial approaches
have demonstrated encouraging efficacy in experimental and
early clinical studies, comprehensive long-term safety data
remain limited for several emerging technologies. Potential
concerns include unintended effects on host microbiota, immune
responses to biological therapeutics, horizontal gene transfer, off-
target genetic modifications, and nanoparticle-associated toxicity.
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Careful risk assessment and post-marketing surveillance will
therefore be essential to ensure the safe deployment of these novel
interventions (Aslam et al., 2021).

Another promising direction involves the development of
personalized antimicrobial therapies. Advances in genomics,
microbiome analysis, artificial intelligence, and precision
medicine are enabling a more individualized approach to
infection management. Future therapeutic strategies may be
tailored according to pathogen characteristics, resistance profiles,
host immune status, and microbiome composition. Such
personalized approaches could improve treatment efficacy while
minimizing unnecessary antimicrobial exposure and reducing the
risk of resistance development.

Combination therapies are also likely to play an
increasingly important role in future infectious disease
management. Rather than functioning as direct replacements for
antibiotics, many emerging technologies may achieve optimal
effectiveness when used alongside conventional antimicrobial
agents. For example, bacteriophages may enhance antibiotic
susceptibility, anti-virulence agents may reduce bacterial
pathogenicity while antibiotics eliminate the pathogen, and
nanoparticle-based systems may improve drug delivery to
otherwise inaccessible infection sites. The integration of
complementary therapeutic mechanisms may provide synergistic
benefits and improve clinical outcomes while reducing selective
pressure for resistance (Czaplewski et al., 2016).

Importantly, the future of antimicrobial therapy should not
be viewed as a transition away from antibiotics but rather as the
development of a more diversified therapeutic arsenal.
Conventional antibiotics will likely remain indispensable for the
treatment of many bacterial infections; however, their
effectiveness may be preserved and enhanced through integration
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with alternative approaches. The successful management of
antimicrobial resistance will therefore depend on combining
innovative technologies with antimicrobial stewardship
programs, infection prevention strategies, surveillance systems,
and continued investment in research and development.

Ultimately, overcoming antimicrobial resistance will
require coordinated efforts from researchers, clinicians,
regulatory agencies, industry, and public health organizations.
Continued advances in biotechnology, synthetic biology,
immunology, and materials science provide reason for optimism
that future antimicrobial strategies will be more targeted,
sustainable, and resilient than those currently available. The
challenge moving forward is not only to develop these
innovations but also to ensure their safe, effective, and equitable
implementation on a global scale.

11. CONCLUSION

Antimicrobial resistance has emerged as one of the most
significant threats to global public health, undermining the
effectiveness of conventional antibiotics and challenging many of
the advances achieved in modern medicine. The continued rise of
multidrug-resistant bacterial pathogens has highlighted the urgent
need for innovative therapeutic approaches capable of preventing,
controlling, and treating infections through mechanisms distinct
from those employed by traditional antimicrobial agents.

As discussed throughout this chapter, a diverse range of
alternative strategies has demonstrated considerable potential in
addressing the growing antimicrobial resistance crisis.
Bacteriophage therapy offers highly specific bacterial targeting
and the ability to combat multidrug-resistant pathogens.
Antimicrobial peptides provide both direct antimicrobial activity
and immune-modulatory effects, while microbiome-based
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interventions seek to restore colonization resistance and microbial
homeostasis. Anti-virulence therapies represent a novel approach
focused on disarming pathogens rather than eliminating them,
potentially reducing the selective pressures that drive resistance
development. Similarly, CRISPR-based technologies introduce
unprecedented precision in targeting bacterial genomes and
resistance  determinants.  Immunotherapeutic  approaches,
including monoclonal antibodies, vaccines, and immune
modulation strategies, strengthen host defenses against infection,
whereas nanotechnology-based systems provide innovative
platforms for antimicrobial delivery and enhanced therapeutic
efficacy.

Despite their promise, these emerging technologies face
important scientific, regulatory, and practical challenges that must
be addressed before widespread clinical implementation can be
achieved. Issues related to safety, manufacturing, standardization,
delivery methods, cost-effectiveness, and regulatory approval
remain critical considerations for future development.
Nevertheless, ongoing advances in microbiology, synthetic
biology, immunology, biotechnology, and materials science
continue to accelerate progress in the field and expand the range
of available therapeutic possibilities.

Importantly, the future management of bacterial infections
is unlikely to rely on a single universal solution. Instead,
successful control of antimicrobial resistance will require
integrated and multidisciplinary approaches that combine
conventional antibiotics with innovative biological and
technological interventions. The strategic use of combination
therapies, personalized treatment approaches, antimicrobial
stewardship programs, and preventive measures will be essential
for preserving the effectiveness of existing treatments while
maximizing the benefits of emerging alternatives.
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In conclusion, the transition from an antibiotic-dependent
paradigm toward a broader anti-infective framework represents a
critical step in addressing the global antimicrobial resistance
crisis. By leveraging advances across multiple scientific
disciplines, next-generation therapeutic strategies have the
potential to reshape infectious disease management and
contribute to a more sustainable and resilient future for global
healthcare.
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THE FUTURE OF MICROBIOME-BASED
NEUROPROTECTION: VSL#3 PROBIOTICS,
PRECISION MEDICINE, AND EMERGING
STRATEGIES IN NEURODEGENERATIVE
DISEASE

Eylil HARAVI!

1. INTRODUCTION

Probiotics have been defined by the Food and Agriculture
Organization (FAO) of the United Nations and the World Health
Organization (WHO) as live microorganisms that provide a health
benefit for the host when consumed in sufficient amounts (1).
Among these probiotics, VSL#3 is a distinct, potent multi-strain
probiotic that contains 8 bacterial species from the Lactobacillus,
Bifidobacterium, and Streptococcus thermophilus genera. The
formulation has synergistic effects on intestinal barrier physical,
immunologic, and microbial host-barrier communication
enhancement (2). Because of its complex microbial composition
and high number of colony-forming units (CFU), VSL#3 is the
prototypic preparation that has been used to investigate
microbiome-related processes mediating neurodegeneration.
The growing incidence of neurodegenerative diseases (NDs),
especially Alzheimer's disease (AD), Parkinson's disease (PD),
and amyotrophic lateral sclerosis (ALS), poses a significant
challenge to public health worldwide, mainly as a consequence of
the increasing life expectancy. AD is the most common cause of
dementia, accounting for more than 30% of people over the age
of 85, while PD and ALS, though rarer, cause significant
disability and healthcare burden (3). New research is linking these
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disorders to intestinal dysregulation, chronic inflammation and
immune  dysfunction and  potentially  suggesting  that
manipulating the gut microbiome could have treatment utility (4).
In this respect, the microbiome—gut-brain axis has redefined our
perception for neurodegenerative disease pathophysiology. This
bidirectional communication network consists of neural, immune
and endocrine pathways, and allows the gut microbiome to
modulate central nervous system functioning via metabolites such
as short chain fatty acids, tryptophan metabolites and
polyamines.Dysregulation of these microbial signals can lead to
increased oxidative stress, microglia activation, and neuronal
injury, major events in the progression of neurodegeneration
(5,6).

Importantly, recent clinical trials and mechanistic insights
illuminate how probiotics, particularly VSL#3, can make
neuroprotective effects by recovering microbial balance, reducing
systemic inflammation, and modulating neuroimmune signaling.
These chapter approaches in neurodegenerative diseases provide
a promising translational framework for understanding how
interventions targeting the gut microbiota can complement
traditiional therapies (7).

2. THE MICROBIOME-GUT-BRAIN AXIS IN
NEURODEGENERATIVE DISEASE
RESEARCH

An increasing number of studies suggest that the
microbiome—g@ut—brain axis is a core process in brain health.
This bidirectional system includes neuronal pathways (e.g.,
vagus nerve), immune signaling, endocrine regulation, and
microbially derived biochemical signaling (8). Gut microbiota
metabolites including short-chain fatty acids (SCFAs),
neurotransmitters such as y-aminobutyric acid and serotonin, and
immune mediators influence central nervous system activity.
Alteration of microbial homeostasis (dysbiosis) has been
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associated with neuroinflammation, oxidative stress, and
compromised neuronal function-processes intimately involved in
the pathogenesis of neurodegenerative diseases (8). Thus,
intervention of gut microbiota is regarded as a promising strategy
for the prevention/treatment for neurodegenerative diseases, with
probiotic standing out as one of the most attractive candidates.

3. EXPERIMENTAL EVIDENCE ON THE
EFFECTS OF VSL#3 PROBIOTICS

3.1. Animal Models
3.1.1. Alzheimer’s Disease (AD)

Transgenic mouse models of AD demonstrate that
VSL#3 treatment is able to reduce neuropathological and
behavioural hallmarks of the disease. One notable finding is the
attenuation of amyloid-f (AP) plaque load after probiotics
supplementation. This has been attributed to effects on systemic
inflammation and gut barrier permeability leading to decreased
levels of peripheral pro-inflammatory cytokines that are known
to contribute to amyloidosis in the brain (9). Furthermore,
behavioral results reveal that VSL#3-treated AD mice also show
better performance in paradigms of spatial learning and memory
(Morris water maze), indicative of functional rescue of cognition
(10). These effects may be mediated through short-chain fatty
acid (SCFA)-dependent modulation of microglial activation and
synaptic plasticity.

3.1.2. Parkinson’s Disease (PD)

In mouse models of Parkinson’s disease including toxin-
induced and familial models, VSL#3 reduces a-synuclein
accumulation in stranded nigra and stratum (11). Mechanistically,
this could result from increased degradation of misfolded proteins
via autophagy-related pathways, as well as diminished oxidative
damage to dopaminergic neurons. Treated animals also showed
better motor coordination and less rigidity, which was correlated
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with increased dopamine levels in striatum. VSL#3 importantly
also alters the gut microbiota profile of PD models, with increased
lactobacilli and bifidobacteria and decreased pro-inflammatory
taxa including Enterobacteriaceae (6). These alterations in the
microbiota are thought to decrease systemic levels of the
endotoxin (lipopolysaccharide, LPS), limiting
neuroinflammation.

3.1.3. Multiple Sclerosis (MS)

In the mouse model of multiple sclerosis, experimental
autoimmune encephalomyelitis (EAE), VSL#3 treatment results
in a marked decrease in demyelination and axonal damage (12).
Histopathological examination shows higher myelin sheath
sparing, whereas immunological evaluation reveals reduced
infiltration of autoreactive T-cells in the CNS. The mechanism
seems to include modulation of Th cell differentiation toward
Treg expansion and inhibition of pro-inflammatory Th1 and Th17
responses (13). Moreover, SCFAs from probiotic metabolism
favor microglial polarization toward the anti-inflammatory M2
phenotype, providing additional support for neuroprotection.

3.2. In Vitro Studies
3.2.1. Microglia Cultures

Microglia are key mediators of neuroinflammation, and
conditioned media derived from VSL#3 cultures has been
demonstrated to reduce dramatically the production of the pro-
inflammatory mediators nitric oxide (NO), TNF-q, and IL-1p in
activated microglia (14). This indicates that metabolites of
VSL#3 strains - predominantly indole derivatives and SCFAs -
might have a direct effect on microglia. Significantly, the anti-
inflammatory shift in microglia is linked with reduced oxidative
stress and increased neurotrophic support.
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Figure 1. Experimental Evidence on the Effects of VSL#3
Probiotics
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3.2.2. Blood-Brain Barrier (BBB) Models

The blood-brain barrier is typically disrupted in
neurodegenerative disorders, allowing access to circulating toxins
and inflammatory mediators. Human brain microvascular
endothelial cells incubated with VSL#3-derived SCFAs
demonstrated improved barrier function through increased
expression of tight junction proteins (including occludin and
claudin-5) (15). In addition, incubation of endothelial cells with
VSL#3 supernatants leads to reduced permeability upon
inflammatory insult (i.e., TNF-a challenge), indicating a direct
involvement in BBB protection. Itis these actions that are pivotal
because maintenance of the BBB attenuates neuroinflammatory
cascades and subsequent neuron damage. Altogether, preclinical
data provide a strong rationale for a neuroprotective function of
VSL#3 in pathologies characterized by severe neurodegeneration.
The underlying mechanistic principles that are common include:
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0 Reduction of neuroinflammation (e.g., microglial
activation, cytokines).

0 Restoration of gut microbial balance (probiotic taxa,
decrease of endotoxin producing bacteria).

0 Increased production of neuroprotective molecules
(SCFAs, indole derivatives, GABA).

0 Protection of barrier layers (e.g., intestinal epithelium
and BBB)

0 Amelioration of neuropatological hallmarks (such as
amyloid plaques, o-synuclein aggregates, and
demyelinating lesions).

These synergistic outcomes indicate that VSL#3 could
serve as a disease-modifying adjunct option for such
neurodegenerative diseases and demand further translational and
clinical research.

4. HUMAN CLINICAL EVIDENCE AND GAPS

The application of probiotic research to the clinical realm
for neurodegenerative diseases is still nascent. Although animal
and in vitro studies offer powerful mechanistic-driven results,
human data are still scant, especially for the high potency, multi-
strain formulation, VSL#3. Yet a handful of clinical trials have
investigated either VSL#3 or similar probiotic consortia in
cognitive impairment, systemic inflammation, and metabolic
irregularities—all related to neurodegenerative pathology.

4.1. Present Human Studies with VSL#3

VSL#3 has also been tested in a few clinical trials for
neurological diseases and cognitive decline. In a pilot study in
elderly subjects with mild cognitive impairment (MCI), VSL#3
supplementation for 12 weeks led to mild improvements in
memory recall and executive function, along with decreased
systemic inflammatory cytokines, including TNF-a and IL-6
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(16). Another small study in patients with multiple sclerosis
(MS) showed reduced fatigue scores and increased gut microbiota
diversity after 2 months of VSL#3 supplementation, indicating a
possible adjuvant role in neuroimmune regulation (12).
Nonetheless, these studies are constrained by small sample sizes
(<60 participants) and a lack of long-term follow-up.

4.2. Related Probiotic Trials and Extrapolation

Despite the fact that there is little direct evidence for the
efficacy of VSL#3 in neurodegeneration, results of other
probiotic interventions are instructive. For instance, Lactobacillus
helveticus and Bifidobacterium longum were administered in
combined form to decrease anxiety and enhance cognitive
performance in patients with stress-related disorders (17).
Likewise, multi-strain probiotics have shown positive effects on
memory, mood and metabolic parameters in patients with
Alzheimer’s (18).Given that VSL#3 contains several strains with
proven anti-inflammatory and neuromodulatory properties
(e.g., Bifidobacterium longum, Lactobacillus plantarum), it is
reasonable to hypothesize that its effects may parallel or even
surpass those of simpler formulations. Nevertheless,
extrapolation must be done cautiously, as probiotic effects are
strain-specific and strongly influenced by host factors.

5. MEDICAL MICROBIOLOGY PERSPECTIVE
5.1. VSL#3 as a Microbial Ecosystem Engineer

The gut microbiome is now generally perceived as a
dynamic ecosystem rather than a static aggregate of
microorganisms in which stability, diversity, and functional
redundancy are critical determinants of the health of the host.
Within these boundaries, VSL#3 may be regarded as a probiotic
supplement not only as an microbial ecosystem engineer (19). All
8 strains that make up VSL#3 (4 belonging to the genera
Bifidobacterium and Lactobacillus and 1 to Streptococcus
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thermophilus) work synergistically to modulate microbial
community composition beyond survival of the administered
bacteria own (21). One of VSL#3's key ecological contributions
is support of cross-feeding networks, which are essential for gut
health. For example, lactobacilli in the preparation produce
lactate, which may be used as a substrate by butyrate producing
commensals, including Faecalibacterium prausnitzii and
Roseburia spp. The enrichment of these butyrate producers is
important, as they play a central role in epithelial health, anti-
inflammatory signaling, and production of neuroprotective short-
chain fatty acids (SCFA) (22).

In contrast, VSL#3 is also inhibitory to certain
opportunistic taxa such as Enterobacteriaceae, and Clostridium
spp. that are included in the risk of pathogenic overgrowth linked
to systemic inflammation and deterioration of neurodegenerative
pathology (21). In terms of medical microbiology, these
ecological changes are particularly pertinent because patients
with neurodegenerative disease tend to have fragile gut microbes
with diminished diversity and functional instability. The addition
of VSL#3 to such a system may serve to re-establish ecological
harmony by means of niche replacement, competitive exclusion,
and metabolic complementation. Importantly, this is not a simple
restoration to a “healthy” microbiome, but rather the engineering
of'a more resilient ecosystem that is better aligned with host needs

(22).

Therefore, Vsl#3 is a microbiological treatment at the
level of the whole ecosystem, which can redirect trajectories of
microbial community development and greatly reduce dysbiosis
related inflammation. This viewpoint emphasizes the ability of
multi-strain probiotics to be considered not only as therapeutic
agents, but also as ecological tools within the gut-bridging
microbiology, ecology, and clinical neurology (19 - 22).
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5.2. Personalized Probiotic Therapy Potential Based
on Patient Microbiome Sequencing

The advent of precision medicine has transformed
treatment approaches in various fields, including probiotics.
Probiotic interventions have traditionally been applied generally
and it has been presumed that their beneficial effects are quite
similar in all individuals. Nonetheless, microbiome sequencing
technologies - especially 16S rRNA profiling, shotgun
metagenomics, and metabolomics - have disclosed enormous
differences among individuals regarding the composition,
metabolic potential, and ecological stability of their gut
microbiotas. This kind of variability offers both a challenge and

an opportunity for the personalized probiotic treatments, like
VSL#3 (23).

From a medical microbiology point of view, VSL#3 is a
specially formulated multi-strain product that gives it an edge as
a unique candidate for personalized use. Various patients may
preferentially respond to different members of the consortium.
For those with low Bifidobacterium, the B. breve and B. longum
strains may offer the biggest benefits, while those with low levels
of lactate-utilizing commensals may benefit the most from the
lactate-producing Lactobacillus species in VSL#3. In addition L.
paracasei and S. thermophilus still may be of interest, especially
when neuroinflammation is considered a major pathogenic factor
(24).

Sequencing-based and thus personalized approaches
would therefore enable probiotics to be matched to the specific
needs of the patient's microbiota. For instance, the patient with
Alzheimer disease whose microbiome suggests a deficit in
SCFA-producing taxa might be given VSL#3 as a specific
ecological enhancer, supporting metabolic pathways pertinent to
neuroprotection. In Parkinson’s patients with gut dysmotility, and
Enterobacteriaceaec overgrowth, VSL#3 could suppress the
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expansion of pathogens, restore a loss of commensals, and
improve the mucosal barrier function (25).

Crucially, personalization has to extend to considering
the host—microbe interactions outside taxonomy. Transcriptomic
and metabolomic analyses can offer a more detailed
understanding of functional impairments in the gut ecosystem
level to inform the use of VSL#3 not simply to replace “missing
taxa” in the gut environment but to restore functional networks,
representing a move from organism-level therapies towards
systems-level ecological engineering (23).

In due course clinical microbiology will need to align
more closely with computational biology as machine-learning
models begin to predict patient-specific responses to probiotics
by linking baseline microbiota configurations with therapeutic
outcomes. In this regard, VSL#3 could function as a therapeutic
agent and as a model system for the construction of frameworks
of personalized probiotic medicine for neurodegenerative
diseases (25).

Figure 2. Personalized Application of VSL#3 in
Neurodegenerative Diseases

Patient with Newrodegenerative Disease
v
Microbiome Sequencing
|
b— Case A: Low SCFA-producing taxa
| v
| Consider VSL#3 — Enhance butyrate & propionate production
I
|— Case B: Overgrowth of Enterobacteriacea / gut dysbiosis
| v
| Consider VSL#3 — Suppression of pathogens, restore balance
I
}— Case C: Reduced Bifidobacterium ahmdance
| v
| WEL#3 strains (B. breve, B. longum, B. infantis) — Recolonization
I
I— Case D Neurcinflammation dominant (T IL-6, TNF-a)
| v
| VSL#3 — Lactobacillus paracasei & 5. thermophilus — Anti-inflammatory cytokines
I
L Case E: Gut dysmotility, low GABA producers
v

VSL#3 — Lactobacillus strains — GABA & serotonin precursor support

114



Tibbi Mikrobivoloji Alaninda Akademik Tartismalar

5.3. Laboratory Methods to Study Probiotic-Host
Interactions

To decipher VSL#3 for its role in modulating host
physiology, classical microbiological methodologies must be
combined with complex systems biology. Medical microbiology
has been transformed by the advent of multi-omic and in vivo
platforms that disclose the complexity of the interaction of
probiotics and the host beyond culture-based identification.
Principal techniques of this field are summarized below.

5.3.1. Metagenomics

The high throughput sequencing of 16S rRNA genes and
metagenomes makes it feasible for researchers to analyze how
VSL#3 could influence the structure of gut microbiota. Compared
with those traditional culture-based approaches, metagenomics
offers taxonomic resolution while detecting low abundant
microorganisms and viable but non-culturable microorganisms.
Such as Faecalibacterium prausnitzii or Enterobacteriaceae in
neurodegenerative models upon VSL#3 treatment which further
connects changes in microbial composition with immune
modulations and production of metabolites (26).

5.3.2. Transcriptomics

RNA sequencing (RNA-seq) makes it possible to analyze
how functional gene expression is changed by probiotics. For
instance, lactobacilli in VSL#3 increased the expression of SCFA
biosynthesis and immune tolerance-related genes.
Correspondingly, on the host side, transcriptomics of intestinal
epithelial cells or microglia co-cultures treated with VSL#3
demonstrate decreased NF-kB pathway activity and an
enrichment of antioxidant-related gene expression (27).

5.3.3. Metabolomics

Mass spectrometry combined with liquid chromatography
(LC-MS) or gas chromatography (GC-MS) as well as nuclear
magnetic resonance (NMR) are the most commonly used
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methods to profile bioactive metabolites. In terms of
neurodegeneration, VSL#3-mediated synthesis of butyrate,
indole derivatives and polyamines is modelled, and related to
blood brain barrier integrity and neurotransmitter homeostasis
(28). It is especially important to apply this strategy to link
microbial functions to clinical biomarkers that can be detected.

5.3.4. Gnotobiotic Animal Models

Sterile or gnotobiotic animals colonized by defined
microbial consortia offer direct causal proof of probiotic
function. With gnotobiotic models, VSL#3 can be administered
alone, and effects on behavior, immunology, and neurochemistry
can be directly studied sans confounding microbial signals (29).
Such models are still considered the gold standard for preclinical
microbiome research.

5.3.5. Ex Vivo and In Vitro Systems

State of the art gut on chip models, intestinal organoids,
and co-culture systems (e.g., probiotics with epithelial or immune
cells) represent ethical feasible, high through put alternatives. It
is possible to investigate strain-specific actions of VSL#3 in these
systems in a robust and reproducible manner, such as effects on
barrier function, cytokine profiles and metabolite production (30).

Using multi-omics profiling integrated with functional models,
they pinpoint host outcomes from the presence of microbes. The
application of such techniques unravels how VSL#3 functions as
an effective microbiological consortium not only establishing
ecological homeostasis in the gut but also delivering mechanistic
pathways important in neurodegenerative disease.

5.4. Microbiological Research on the Horizon for
VSL#3

Although these techniques are valuable for advancing
knowledge, future microbiological research with VSL#3 should
point toward precision and personalization, rather than
stratification. Emerging multi-omic integration (metagenomics +
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metabolomics + transcriptomics) will enable investigators to
associate probiotic-mediated microbial changes with host gene

expression and metabolic end points in a comprehensive manner
(312).

Another exciting frontier is synthetic biology and systems
microbiology, in which microbial consortia are modeled to
anticipate how VSL#3 strains interact amongst themselves and
with host immune pathways. This method may be used to refine
dose, strain ratios, and timing of administration for achieving
neuroprotective effects (32).

From a translational perspective, personalized medicine
frameworks based on patient microbiome sequencing may allow
clinicians to select or adjust probiotic formulations like VSL#3
according to the individual’s baseline microbial community. Such
strategies could overcome inter-individual variability and
improve efficacy in neurodegenerative disease interventions (31).

A better focus on longitudinal cohort studies combining
microbiological assessment with cognitive and neurological
outcomes will be vital. These studies would serve to connect
bench microbiology with clinical neurology, thus substantiating
the evidence base for VSL#3 as a therapeutic adjunct (32).

6. CHALLENGESAND FUTURE DIRECTIONS

Although evidence continues to grow that supports the
potential therapeutic applications of probiotics such as VSL#3 in
the context of neurodegeneration, there are significant hurdles to
overcome before these interventions could be fully integrated into
mainstream clinical care. These challenges exist at the confluence
of microbiology, clinical medicine, and translational science, and
underscore the importance of future research directions to address
scientific and practical voids.
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6.1. Strain Viability, Dosing, and Delivery Methods

One key concern is that of strain viability, i.e., live
microorganisms being stable during storage, surviving the
passage through upper gastrointestinal tract and ultimately
colonizing or functioning transiently in the host gut. VSL#3 is
available as a multi-strain, high concentration formulation, but
uncertainty remains related to the ideal dosing regimens for
different patient groups. For instance, it may be that higher doses
are required to produce detectable ecological changes in
profoundly dysbiotic microbiomes, but such regimens would not
be very well tolerated by all patients and might increase the risk
of unwanted gastrointestinal effects. In addition, the delivery
system capsules, sachets, enteric-coated tablets has a significant
impact on the amount of live cells that actually reach the colon.
Technological advances (e.g., microencapsulation and freeze-
drying with protective excipients) are being actively explored to
enhance the uniformity of probiotic delivery in clinical
applications (33).

6.2. Need for Long-Term Studies and Standardization
of Formulations

Challenges Standardization of Formulations We do not
know how long the beneficial effects need to be demonstrated in
order to sustain them beyond the intervention period. Yet one
other major problem is how to conduct long-term clinical trials.
Most probiotic interventions have been evaluated in relatively
short-term studies, typically lasting a few weeks to months.
However, neurodegenerative diseases such as Alzheimer’s or
Parkinson’s develop over years or even decades, meaning an
unanswered question is if probiotics can maintain efficacy or
even stably remain integrated into host microbial ecosystems
during such long temporal scales. Furthermore, the variability in
preparation between manufacturers hinders reproducibility and
translation into the clinic. Even if the products have the same
strain labels, they may exhibit different biological activities due

118



Tibbi Mikrobivoloji Alaninda Akademik Tartismalar

to manufacturing differences, such as growth medium or
stabilizers used in the production process. The regulatory
landscape for probiotics is in flux and in the absence of stringent
standardization procedures, w e know it will be a challenge to
compare results across trials and to formulate evidence-based
clinical guidelines (34).

Table 1. Effects of VSL#3 and Related Probiotics on Neurological

and Cognitive Outcomes: Summary of Human Studies

Study Type Findings with VSL#3/ Limitations
Related Probiotics

Alzheimer’s Improved memory scores, Small n, short

(human) reduced inflammation duration

MS (human) Reduced fatigue, increased <50 subjects, pilot
microbiome diversity only

Other probiotic Improved mood, cognition, Different strains, not

trials reduced anxiety VSL#3

6.3. Possible synergy with prebiotics: synbiotics
strategies

An exciting future perspective of synbiotics is the
coencapsulation of probiotics and prebiotics (a class of dietary
substrates that are selectively utilized by beneficial microbes).
For VSL#3, its constituent strains' survival and activity may be
enhanced by co-ingestion with prebiotics such as inulin or
resistant starches, and the growth of endogenous commensals
may be simultaneously promoted. This could create a synergy
with the potential to not only enhance colonization efficiency but
also increase the production of neuroprotective metabolites like
short-chain fatty acids. In the setting of neurodegenerative
disease, where microbial fragility and dietary deficiencies often
meld, synbiotic approaches might provide a more effective (or at
least more robust) means of re-establishing both ecological
steadiness and functional resilience.
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6.4. Bridging the Gap between Laboratory Research
and Clinical Application

In the end, future prospects will be directed largely by
that in-laboratory/clinical-application bridgwork. Animal models
and in vitro systems continue to yield valuable mechanistic
insights into host-microbe interactions, but those insights must
be rigorously validated for translation in human cohorts. The use
of systems biology techniques (metabolomics, transcriptomics,
metagenomics) in the design of clinical trials will provide novel
insights into the interaction of probiotics with host physiology as
well as with resident microbiota over time. Moreover,
personalized paradigms that customize probiotic applications to
individual microbiome signatures of patients will continue to be
a major frontier, so that interventions like VSL#3 are not
regarded as "one size fits all" treatments but as precision-
microbiome medicines.

7. CONCLUSION

Neurodegenerative diseases (NDs) such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and Amyotrophic Lateral
Sclerosis (ALS) impose an increasing global health burden,
largely driven by aging populations. Mounting evidence
highlights the gut microbiome as a critical regulator of
neuroinflammation, oxidative stress, and neuronal integrity.
Among probiotic formulations, VSL#3 a high-potency, multi-
strain  preparation containing Lactobacillus, Bifidobacterium,
and Streptococcus thermophilus species-has attracted attention
for its capacity to restore microbial balance and modulate host
immunity.

Recent findings have linked VSL#3 to neuroprotective
outcomes through its effects on the microbiome—gut—brain axis,
including enhancement of short-chain fatty acid (SCFA)
production, reinforcement of epithelial and blood—brain barrier
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integrity, and suppression of pro-inflammatory signaling.
Preclinical studies demonstrate reductions in amyloid and a-
synuclein aggregation, while early clinical data suggest
improvements in cognitive and inflammatory parameters .

From a microbiological standpoint, VSL#3 functions as
an ecosystem-based intervention capable of reshaping gut
community structure and promoting neuroactive metabolite
synthesis. This chapter therefore focuses on Clinical Trials,
Mechanistic  Insights, and Modern Approaches in
Neurodegenerative Diseases, emphasizing how VSL#3 provides
a translational framework connecting microbiome modulation
with neuroprotection.
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