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Omówienie celu naukowego i uzyskanych wyników 

Wstęp 

Gruźlica (TB), wywoływana przez prątki gruźlicy (Mycobacterium tuberculosis – 

M.tb), od lat pozostaje światowym problemem zdrowotnym, uznawanym za chorobę 

zakaźną o jednej z najwyższej śmiertelności, pomimo prowadzonych na szeroką skalę 

profilaktycznych szczepień przeciwgruźliczych. W polskim programie szczepień 

ochronnych, szczepienia przeciwgruźlicze żywymi atenuowanymi prątkami Mycobacterium 

bovis BCG (Bacillus Calmette-Guérin), są obowiązkowe od 1955 roku, a aktualnie 

obowiązujący kalendarz szczepień przewiduje podawanie BCG noworodkom jednorazowo 

już w pierwszych dobach życia (Fol et al. 2011; Nathavitharana and Friedland 2015; PZH 

2020a, 2020b). 

Według najnowszych danych Światowej Organizacji Zdrowia około 1,8 miliarda 

ludzi na świecie jest zakażonych prątkami gruźlicy (World Health Organization (Global 

Tuberculosis Programme) 2020). Zakażenie to może mieć bezobjawową postać utajoną 

(latentną), które jednak u co najmniej 10% zakażonych osób rozwija się w aktywną gruźlicę. 

Ryzyko rozwoju aktywnej choroby jest największe u osób z osłabioną odpornością, 

pacjentów z chorobami nowotworowymi i autoimmunizacyjnymi, którzy przyjmują leki  

o działaniu immunosupresyjnym, ale także u osób w starszym wieku (Furin, Cox, and Pai 

2019; World Health Organisation 2018; World Health Organization (Global Tuberculosis 

Programme) 2020). W roku 2019 odnotowano na świecie 7,1 miliona nowych przypadków 

choroby, przypuszcza się jednak, że liczba ta jest znacznie niedoszacowana, a rzeczywista 

liczba zachorowań jest znacznie większa i może wynosić nawet 10 milionów przypadków 

(World Health Organization (Global Tuberculosis Programme) 2020). W roku 2019  

z powodu gruźlicy zmarło około 1,4 miliona osób na świecie, w tym około 208 tysięcy  

z jednoczesnym zakażeniem M.tb i wirusem HIV. Narastająca liczba przypadków koinfekcji 

M.tb i HIV (ang. human immunodeficency virus) wraz z sukcesywnym wzrostem częstości 

izolowania wielolekoopornych prątków gruźlicy typu MDR (ang. multi-drug resistant) lub 

XDR (ang. extremely-drug resistant) stanowi znaczący problem epidemiologiczny. Wysoki 

koszt leczenia gruźlicy lekoopornej jest przyczyną stosunkowo niskiego odsetka 

skutecznych terapii. Stąd, pomimo trwających od stulecia profilaktycznych szczepień 

przeciwgruźliczych, gruźlica powraca na listę chorób nieuleczalnych (Lange et al. 2018; 

World Health Organization (Global Tuberculosis Programme) 2020). 
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Opracowanie nowych metod diagnozowania TB, nowych szczepionek 

przeciwgruźliczych, zarówno profilaktycznych, jak i po-ekspozycyjnych, oraz 

efektywniejszych i lepiej tolerowanych leków przeciwprątkowych jest wciąż niezbędne  

do pokonania problemu gruźlicy na świecie. Nadzieją na realizację powyższych wyzwań  

są badania nakierowane na lepsze wyjaśnienie mechanizmów odpornościowych chroniących 

przed infekcją M.tb, jak i wywoływanych przez sam patogen procesów patologicznych 

(Dheda, Barry, and Maartens 2016). Za kluczowe ogniwo w odpowiedzi odpornościowej na 

mykobakterie uważa się aktywność grasiczo-zależnych limfocytów T pomocniczych Th  

(T helper) o fenotypie Th1, które rozpoznają antygeny prątków wydzielając IFN-γ 

(interferon-gamma), uznawany za główną cytokinę kontrolującą rozwój M.tb. 

Najważniejszym efektem działania IFN-γ jest zwiększenie aktywności prątkobójczej 

makrofagów oraz nasilenie ekspresji antygenów MHC klasy II na komórkach 

prezentujących antygeny limfocytom T, co sprzyja rozwojowi odporności swoistej.  

Do ważnych cytokin nasilających wytwarzanie IFN-γ należy interleukina-18 (IL-18), której 

rolę i aktywność biologiczną przedstawiono w dwóch, składających się na niniejszą 

rozprawę doktorską, pracach przeglądowych (Wawrocki et al. 2016; Wawrocki et al. 

2017). Cytokina ta, należąca do rodziny IL-1, wytwarzana jest przede wszystkim przez 

aktywowane makrofagi, ale rownież monocyty, komórki dendrytyczne, limfocyty T i B,  

a także keratynocyty, komórki nabłonkowe i osteoblasty. Jest ona magazynowana  

w syntetyzujących ją komórkach w postaci nieaktywnego biologicznie prekursora, który 

przekształcany jest w aktywną dojrzałą formę IL-18 dopiero po zadziałaniu enzymów, 

między innymi kaspazy-1. Kaspaza-1 jest białkiem wchodzącym w skład inflamasomu 

będącego wielobiałkowym kompleksem obecnym w cytoplazmie komórek, który 

dodatkowo tworzony jest przez receptory NLR (ang. nucleotide oligomerization domain 

(NOD)-like receptors) i cząsteczki adaptorowe ASC (ang. apoptosis-associated speck-like 

protein) zawierające domenę CARD (ang. caspase activation and recruitment domain), 

wiążącą i przekształcającą proenzym kaspazę-1 do formy aktywnej. Inflamasomy 

formowane są w odpowiedzi na pojawienie się drobnoustrojów i rozpoznanie PAMP  

(ang. pathogen-associated molecular pattern) przez receptory NLR (Wawrocki et al. 2017). 

Prekursor IL-18 może być również przekształcany na drodze alternatywnej zależnej od Fas, 

która prowadzi do powstania kaspazy-8 uczestniczącej w procesie powstawania aktywnej 

formy IL-18 (Bossaller et al. 2012). Z kolei nieaktywna biologicznie IL-18 dostająca  

się do środowiska pozakomórkowego z obumierających komórek może zostać aktywowana 

przez proteazy neutrofilowe, np. proteazę 3 (Kaplanski 2018). 
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Aktywacja komórki przez IL-18 wymaga powierzchniowej ekspresji dwóch 

podjednostek receptora IL-18R - IL-18Rα i IL-18Rβ. Podjednostka IL-18Rα wiąże IL-18, 

natomiast podjednostka IL-18Rβ, po związaniu IL-18 przez IL-18Rα, oddziela się od niej  

i przemieszcza do cytoplazmy komórki indukując wewnątrzkomórkową kaskadę sygnałową 

(Booker and Grattan 2014; Dinarello et al. 2013; Klekotka, Yang, and Yokoyama 2010). 

Prozapalna aktywność IL-18 jest równoważona przez konstytutywnie wytwarzane białko 

IL-18BP (IL-18 binding protein), które po związaniu IL-18 uniemożliwia interakcję 

cytokiny z IL-18Rα prowadząc do zahamowania wzbudzanego przez nią efektu 

biologicznego. Utrzymywanie określonego stosunku ilościowego między IL-18 a białkiem 

ją wiążącym uznawane jest za kluczowy mechanizm w utrzymywaniu stanu homeostazy  

i zapobieganiu reakcjom immunologicznym o charakterze patologicznym. IL-18BP 

wykazuje również wysokie powinowactwo do innej cytokiny, a mianowicie do IL-37, która 

jest inhibitorem reakcji zapalnej. IL-37, ze wzgędu na podobieństwo do IL-18, może 

oddziaływać z receptorem IL-18R. Po związaniu z IL-18BP, a następnie związaniu  

z IL-18Rβ, IL-37 hamuje aktywność prozapalną IL-18, wzmacniając antagonistyczną 

aktywność IL-18BP. 

Kluczową rolą IL-18 w odpowiedzi odpornościowej jest regulacja aktywności 

przeciwprątkowej makrofagów. Stymulacja produkcji IFN-γ przez IL-18 prowadzi  

do syntezy reaktywnych form azotu uczestniczących w wewnątrzkomórkowym zabijaniu 

prątków w trakcie procesu fagocytozy (Dinarello and Fantuzzi 2003). Funkcjonując jako 

komórki zdolne do pochłaniania i zabijania wirulentnych prątków, a także jako komórki 

prezentujące prątkowe antygeny limfocytom T, makrofagi stanowią centralne ogniwo  

w rozwoju zarówno wrodzonej, jak i nabytej przeciwgruźliczej odporności protekcyjnej 

(Wlodarczyk et al. 2014). Gen kodujący ludzką IL-18 znajduje się na chromosomie 11,  

w pozycji 11q22.2-22.3. Gen ten składa się z sześciu eksonów i pięciu intronów; 

charakteryzuje go też duża polimorficzność regionu promotorowego. Cechą genu 

kodującego IL-18 jest obecność dwóch fragmentów o charakterze promotorowym – 

pierwszego w rejonie poprzedzającym gen od strony 5’ eksonu 1 i drugiego, 

zlokalizowanego w obrębie intronu 1. Pierwszy region promotorowy cechuje się stałą 

aktywnością, podczas gdy drugi składa się z sekwencji wiążących czynniki o charakterze 

regulatorowym, takie jak NF-κB, AP1, Sp-1 oraz PU.1, których pobudzenie zależy  

od środowiska cytokinowego. Najnowsze doniesienia naukowe wskazują na wystepowanie 

polimorfizmu zasad w obrębie sekwencji regulatorowych genu kodującego IL-18, które 

mogą wpływać na wiązanie czynników transkrypcyjnych, co skutkować może zaburzeniem 
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ekspresji i aktywności IL-18. Zidentyfikowano także obecność swoistych populacyjnie 

różnic na poziomie pojedynczych nukleotydów w obrębie eksonu 1 (Dinarello et al. 2013; 

Giedraitis et al. 2001; Pawlik et al. 2009; Taheri et al. 2012). 

Epidemiologiczne znaczenie gruźlicy w pełni przekonuje o konieczności 

podejmowania wysiłków zmierzających do opracowania nowych mierzalnych wskaźników 

rozwijanej odporności protekcyjnej, mogących przyśpieszyć oraz udoskonalić 

diagnozowanie aktywnej i utajonej gruźlicy. Duże znaczenie IL-18 w rozwoju odporności 

przeciwgruźliczej uzasadnia podjęcie w prezentowanej rozprawie doktorskiej badań 

będących próbą poszszerzenia wiedzy o molekularnych i funkcjonalnych 

wyznacznikach udziału tej cytokiny w inicjowanych przez M.tb procesach 

odpornościowych i zweryfikowaniu sugestii o potencjalnej wartości oznaczania IL-18  

i białek funkcjonalnego kompleksu tej cytokiny (IL-18BP, IL-37, IFN-γ)  

w diagnozowaniu gruźlicy aktywnej i latentnej. 
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Cel pracy 

Celem rozprawy doktorskiej było zweryfikowanie hipotezy, że IL-18 wraz z białkiem 

wiążącym tę cytokinę IL-18BP, a także cytokiny współdziałające z IL-18, IL-37 i IFN-γ,  

to ważne ogniwa odpowiedzi odpornościowej na mykobakterie, mogące korelować  

ze statusem latentnego lub aktywnego zakażenia M.tb. Poprzez równoczesne oznaczenie 

poziomu IL-18 i jej naturalnego inhibitora - białka IL-18BP, wykonane badania  

są pierwszymi, w których zbadano udział wolnej IL-18 w aktywnej lub latentnej formie 

gruźlicy. Założenie udziału IL-18 w wywoływanych przez M.tb reakcjach odpornościowych 

zostało poddane weryfikacji na poziomie molekularnym i funkcjonalnym poprzez 

realizowane cele szczegółowe obejmujące:  

1) analizę częstości występowania polimorfizmów regionu promotorowego genu 

kodującego IL-18 w pozycjach IL-18/-607C/A (rs1946518) i IL-18/-137G/C 

(rs187238) oraz ocenę ich związku z ryzykiem zachorowania na gruźlicę  

w populacji polskiej; 

2) zbadanie występowania zależności między ekspresją mRNA IL-18, IL-18BP, 

IL-18R, IL-37 i IFN-γ w komórkach jednojądrzastych pełnej krwi obwodowej 

oraz aktywną lub latentną formą gruźlicy; 

3) ocenę przydatności oznaczania surowiczego poziomu IL-18 (w formie wolnej 

oraz całkowitej - związanej z IL-18BP), IL-18BP, IFN-γ, IL-37 oraz chemokiny 

IP-10 (białka indukującego IFN-γ), a także ilości tych mediatorów wydzielanych 

przez stymulowane antygenami M.tb leukocyty pełnej krwi obwodowej dawców 

w diagnozowaniu aktywnejgruźlicy płuc, utajonego zakażenia prątkami 

gruźlicy oraz nieprątkowego zapalenia płuc.  
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Metodyka badań 

Badaniami realizowanymi w ramach projektu Preludium 10 finansowanego  

ze środków Narodowego Centrum Nauki, których wyniki wykorzystano w przygotowaniu 

rozprawy doktorskiej, objęto 238 pełnoletnich ochotników obu płci zamieszkujących 

województwo łódzkie, w tym 1) pacjentów z czynną gruźlicą płuc, 2) pacjentów z ostrym 

nieprątkowym zapaleniem płuc z wykluczonym zakażeniem M.tb, 3) zdrowych ochotników 

nigdy nie chorujących na gruźlicę, 3a) latentnie zakażonych lub 3b) niezakażonych prątkami 

gruźlicy. Pacjenci zaklasyfikowani zostali do odpowiednich grup badanych na podstawie 

wyników badań przeprowadzonch przez pulmonologów w Wojewódzkim Zespole 

Zakładów Opieki Zdrowotnej Centrum Leczenia Chorób Płuc i Rehabilitacji w Łodzi, 

natomiast osoby zdrowe zostały zrekrutowane spośród doktorantów i pracowników 

Wydziału BiOŚ UŁ. Wszyscy ochotnicy (pacjenci i osoby zdrowe) wyrazili pisemną zgodę 

na udział w badaniu przed jego rozpoczęciem. Na przeprowadzenie doświadczeń  

z wykorzystaniem materiału ludzkiego uzyskano zgodę Komisji do spraw bioetyki badań 

naukowych UŁ (uchwała nr 17/KBBN-UŁ/II/2016). 

Badania obejmowały: 

1. izolację genomowego DNA z komórek krwi obwodowej dawców z wykorzystaniem 

zestawu QIAMP DNA Mini Kit (QIAGEN, Niemcy) oraz ocenę stężenia i czystości 

uzyskanych izolatów DNA metodą spektrofotometryczną (Nano-Drop) 

2. ocenę polimorfizmu regionu promotorowego genu kodującego IL-18 w pozycjach 

IL-18/-607C/A (rs1946518) i IL-18/-137G/C (rs187238) techniką PCR (Giedraitis  

et al. 2001). 

3. izolację RNA z leukocytów krwi obwodowej ochotników z zastosowaniem zestawu 

QIAamp RNA Blood Mini Kit (QIAGEN, Niemcy), ocenę stężenia RNA metodą 

spektrofotometryczną i stopnia jego degradacji w elektroforezie w żelu agarozowym 

lub kapilarnej (Bioanalyzer 2100, Centrum Badawcze Bionanopark w Łodzi)  

4. syntezę cDNA metodą odwrotnej transkrypcji z wykorzystaniem zestawu iScriptTM 

cDNA Synthesis Kit (Bio-Rad, USA) 

5. ocenę stabilności ekspresji 14 genów referencyjnych (ACTB, RPL13A, B2M, 

RPLP0, G6PD, RPS18,GAPDH, TBP, GUSB, TFRC, HMBS, YWHAZ, HPRT1, 

PGK1, IPO) w ludzkich leukocytach z użyciem Reference Gene qPCR Panel  

(Bio-Rad, USA) zakończoną wyborem dwóch najbardziej stabilnych genów 
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(GAPDH i HPRT1) wykorzystanych do analizy ekspresji mRNA IL-18, IL-18BP, 

IL-18R, IFN-γ i IL-37 metodą porównawczą (ΔΔCt).  

6. ocenę ekspresji mRNA IL-18, IL-18BP, IL-18R, IFN-γ i IL-37 techniką qPCR 

7. uzyskanie surowicy z krwi obwodowej ochotników  

8. wykonanie testu interferonowego QuantiFERON-TB Gold Plus (QIAGEN, Niemcy) 

opartego na mierzeniu produkcji IFN-γ w stymulowanych specyficznymi 

antygenami M.tb hodowlach pełnej krwi obwodowej ochotników 

9. immunoenzymatyczną ocenę poziomu IL-18, IL-18BP, IFN-γ, IL-37 i IP-10  

w uzyskanych surowicach oraz w supernatantach hodowli leukocytów pełnej krwi 

po stymulacji specyficznymi antygenami M.tb, z wykorzystaniem zestawów DuoSet 

ELISA (R&D). Poziom wolnej IL-18 (nie związanej z IL-18BP) obliczono  

na podstawie wyznaczonych stężeń całkowitej IL-18 i wiążącego ją białka, 

korzystając z prawa działania mas i równania opisanego przez Migliorini  

i współpracowników (Migliorini et al. 2010): 

 

𝑥 =
−𝑏 ± √𝑏2 − 4𝑎𝑐

2𝑎
 

x – wolna IL-18 

a = stała dysocjacji Kd wynosząca 0,4nM 

b = [IL-18BP] - [IL-18] + Kd 

c = -Kd • [IL-18] 
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Wyniki 

Odnotowywana w literaturze zróżnicowana podatność na zachorowanie na gruźlicę 

w różnych populacjach świata stała się podstawą do podjęcia w niniejszej rozprawie 

doktorskiej badań mających na celu sprawdzenie, czy polimorfizmy genu kodującego IL-18 

mogą stanowić czynnik ryzyka zachorowania na gruźlicę w populacji polskiej (Wawrocki 

et al. 2019a). Częstość występowania dwóch wariantów polimorficznych w obrębie 

promotora genu kodującego IL-18 - IL-18/-607C/A (rs1946518) i IL-18/-137 G/C 

(rs187238) oceniono u pacjentów chorych na gruźlicę i zdrowych ochotników. 

Przeprowadzone badania nie wykazały występowania zależności między badanymi 

polimorfizmami a zachorowalnością na TB w badanej populacji (Wawrocki et al. 

2019a). Homozygotyczny genotyp G/G IL-18 (-137G/C) był najczęściej występującym 

wariantem w całej badanej kohorcie, który charakteryzował 47% pacjentów z gruźlicą  

i 48% zdrowych ochotników niezakażonych prątkami. Genotyp heterozygotyczny G/C  

IL-18 (-137G/C) charakteryzował się częstością 43% wśród pacjentów z TB i 42% wśród 

zdrowych ochotników, podczas gdy genotyp homozygotyczny C/C IL-18 (-137G/C) 

cechował 10% ochotników we wszystkich grupach. W zakresie polimorfizmu  

IL-18/-607C/A, genotyp heterozygotyczny C/A (IL-18/-607C/A) stwierdzono  

u 51% pacjentów z TB i 54% zdrowych ochotników; homozygotyczny C/C (IL-18/-607C/A) 

u 40% pacjentów z TB i 34% osób zdrowych, a homozygotyczny A/A (IL-18/-607C/A)  

u 9% chorych na TB i 12% zdrowych ochotników (Wawrocki et al. 2019a). Uzyskane 

wyniki pozostają w zgodzie z danymi pochodzącymi z innych krajów świata, takich  

jak Indie, Chiny czy Iran (Harishankar et al. 2007; Taheri et al. 2012; Zhou et al. 2015).  

W przeprowadzonych badaniach nie wykazano wpływu analizowanych wariantów  

IL-18 na podatność na zachorowanie na gruźlicę w Polsce, ale także nie wykazano 

występowania zależności pomiędzy badanymi polimorfizmami a poziomem IL-18 

mierzonym immunoenzymatycznie w surowicy. Warto podkreślić, że w grupie chorych 

na TB zaobserwowano znamiennie wyższy poziom tej cytokiny niż w zdrowej grupie 

kontrolnej. Wynik taki sugeruje, że wzrost stężenia IL-18 obserwowany w aktywnej gruźlicy 

może nie mieć istotnego związku z wybranymi polimorfizmami regionu promotorowego 

genu kodującego IL-18, ale prawdopodobnie jest konsekwencją wzbudzonych przez M.tb 

procesów odpornościowych.  

Biorąc pod uwagę zaobserwowany u osób chorujących na gruźlicę wzrost 

surowiczego stężenia IL-18, w kolejnym etapie pracy doktorskiej postanowiono poddać  
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to białko dokładniejszej analizie molekularnej oceniając ekspresję mRNA IL-18, IL-18BP, 

IL-18R oraz IL-37 oraz IFN-γ (Wawrocki et al. 2020b). Jako źródło RNA posłużyły 

leukocyty pełnej krwi obwodowej pacjentów z aktywną gruźlicą (TB), osób z latentnym 

zakażeniem M.tb (LTBI) oraz osób zdrowych, niezakażonych prątkami gruźlicy (HC). 

Latentne zakażenie M.tb zostało potwierdzone dodatnim wynikiem testu interferonowego  

z pełnej krwi. Po raz pierwszy wykazano znamiennie wyższą względną ekspresję mRNA 

IL-18 i IL-18BP zarówno w aktywnym, jak i latentnym zakażeniu M.tb. Co ciekawe, 

ekspresja mRNA receptora IL-18R była istotnie niższa w grupie osób z latentnym 

zakażeniem M.tb w porównaniu do grupy pacjentów chorujących na czynną gruźlicę,  

jak i osób zdrowych. Jednocześnie, wraz z niską ekspresją mRNA IL-18R u osób z LTBI 

obserwowano niską ekspresję mRNA IFN-γ, na poziomie równym ekspresji tej cytokiny  

u osób zdrowych bez zakażenia M.tb. W porównaniu do grup LTBI i HC, u pacjentów  

z aktywną TB zaobserwowano wyższą ekspresję mRNA IFN-γ w leukocytach. Natomiast 

ekspresja mRNA IL-37 pozostawała na porównywalnym poziomie w każdej z grup. 

Przedstawione wyniki sugerują, że zwiększona ekspresja mRNA IL-18, zmniejszona 

ekspresja mRNA IL-18R i brak wzrostu ekspresji mRNA IFN-γ moga być nowym 

zestawem wskaźników charakteryzujących stan równowagi między odpowiedzią 

odpornościową gospodarza a metabolicznym uśpieniem M.tb w trakcie utajonego 

bezobjawowego zakażenia. Zredukowana ekspresja mRNA IL-18R w latentnej infekcji 

pozwala rozważyć jej znaczenie jako czynnika regulującego rozwój adaptacyjnych 

mechanizmów odporności komórkowej, umożliwiającego długotrwałe utrzymywanie się 

metabolicznie wyciszonych prątków M.tb w zakażonych komórkach gospodarza.  

Odnotowany w aktywnej gruźlicy wzrost ekspresji mRNA IL-18, IL-18BP  

oraz IFN-γ, skłonił w kolejnym etapie pracy doktorskiej do ilościowej analizy poziomu 

sekrecji tych białek i sprawdzenia ich użyteczności jako pomocniczych biomarkerów 

infekcji gruźliczej (Wawrocki et al. 2019b). Uwzględniając liczne dane literaturowe 

wskazujące na większą wartość diagnostyczną w badaniach przesiewowych złożonych 

paneli białek odpornościowych w porównaniu do pojedynczych biomarkerów, w badaniach 

określono stężenie oraz wzajemne stosunki ilościowe IL-18 (w formie całkowitej - 

związanej z IL-18BP oraz wolnej), IL-18BP, IL-37 i IFN-γ w surowicy oraz supernatantach 

hodowli leukocytów w pełnej krwi uzyskanych po stymulacji specyficznymi antygenami 

M.tb. Poziom wolnej IL-18 obliczono na podstawie wyznaczonych stężeń całkowitej IL-18 

i wiążącego ją białka (IL-18BP), korzystając z prawa działania mas (Migliorini et al. 2010). 

W badaniach uwzględniono również kwantyfikację chemokiny IP-10 (CXCL10), znanej 
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również jako białko indukujące IFN-γ, odpowiedzialnej za przyciąganie komórek zapalnych 

do miejsca toczącej się infekcji. Badaniami objęto zarówno pacjentów z aktywną gruźlicą 

(TB), osoby z latentnym zakażeniem M.tb (LTBI) oraz zdrowych niezakażonych prątkami 

gruźlicy ochotników (HC) (Wawrocki et al. 2019b). Uzyskane wyniki wykazały 

znamiennie wyższe surowicze stężenia całkowitej i wolnej IL-18, IL-18BP, IFN-γ  

i IP-10, zaś niższe stężenie IL-37 wśród chorych z TB w porównaniu do poziomu 

markerów u osób z grup LTBI lub HC. Badania poziomu analizowanych białek wykonane 

w hodowlach krwi po stymulacji antygenami prątków wykazały w grupie pacjentów z TB 

znamiennie wyższe stężenia całkowitej IL-18 oraz IL-18BP, natomiast istotnie niższe 

stężenie IFN-γ, w porównaniu do poziomu tych białek odnotowanego w grupach LTBI oraz 

HC. Uzyskane wyniki wskazują zatem na znamiennie wyższe stężenie krążącego IFN-γ  

i jednoczesne obniżenie poziomu tej cytokiny w stymulowanych antygenami M.tb 

hodowlach pełnej krwi pacjentów z aktywną TB w porównaniu do osób z grupy LTBI. 

Różnica taka sugeruje, że aktywacja odpowiedzi przeciwgruźliczej podczas czynnej TB 

występuje jednocześnie ze zjawiskiem supresji immunologicznej. Nie można również 

wykluczyć, że w trakcie czynnej TB dochodzi do redystrybucji najbardziej reaktywnych 

wobec M.tb limfocytów T z krążenia do płuc, do miejsca toczącego się zakażenia,  

co sprawia, że w krążeniu pozostają specyficzne dla M.tb limfocyty T słabiej odpowiadające 

na ich antygeny. Obserwowany u chorych z TB podwyższony poziom IP-10 w surowicy 

przemawia za taką interpretacją, ponieważ chemokina ta odpowiada za rekrutację 

limfocytów Th1 i komórek NK do miejsc objętych zakażeniem. Oceniając surowiczy,  

jak i stymulowany antygenami M.tb, poziom wydzielania IL-37 nie stwierdzono istotnych 

różnic w grupach objętych badaniem. A zatem, jak wskazują uzyskane w pracy wyniki, 

towarzysząca aktywnej TB nasilona sekrecja IL-18, IL-18BP, IFN-γ i IP-10 nie zostaje 

zrównoważona przez nadprodukcję IL-37, co pozwala sugerować znaczną utratę 

równowagi w zakresie sygnału wzbudzanego przez IL-18 podczas czynnego zakażenia 

M.tb (Wawrocki et al. 2019b). Analiza statystyczna wykazała, że wszystkie badane  

w surowicy markery odpornościowe, z wyjątkiem IL-37, posiadają potencjał w rozróżnianiu 

aktywnej i utajonej gruźlicy. Najlepszymi surowiczymi zestawami biomarkerów 

odróżniającymi aktywną TB od latentnej infekcji okazały się być pary IL-18BP~IL-37 

oraz IP-10~IFN-γ (Wawrocki et al. 2019b). Spośród białek badanych w hodowlach pełnej 

krwi stymulowanych antygenami M.tb potencjałem różnicującym charakteryzowały się 

wyłącznie całkowita IL-18 i IFN-γ. Wykazano ponadto, że wzajemne proporcje pomiędzy 

stężeniem badanych biomarkerów w surowicy oraz supernatantach hodowli stymulowanych 
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antygenami M.tb mogą stanowić równie czułe wskaźniki zakażenia prątkami gruźlicy,  

jak sam ich mierzalny poziom. Największą siłą dyskryminującą grupę TB od LTBI 

charakteryzowały się proporcje ilościowe między całkowitą IL-18/IL-18BP, całkowitą  

IL-18 /IL-37, całkowitą IL-18/IFN-γ oraz IL-18BP/IP-10 (Wawrocki et al. 2019b). 

Uzyskane w pracy wyniki pozwalają sugerować, że ilościowa analiza surowiczych 

białek kompleksu IL-18/IL-18BP/IL-37 poszerzona o ocenę chemokiny IP-10 może 

mieć zastosowanie w projektowaniu nowych szybkich testów przesiewowych  

do diagnozowania gruźlicy płuc. 

W odpowiedzi na potrzebę opracowania nowych testów diagnostycznych 

umożliwiających różnicowanie aktywnej gruźlicy płuc, o różnym stopniu zaawansowania 

zmian chorobowych, od nieprątkowych postaci zapalenia płuc, w niniejszej pracy 

doktorskiej zadano pytanie, czy ilościowa analiza białek kompleksu IL-18/IL-18BP/IL-37 

może stanowić w tym zakresie pomocnicze narzędzie diagnostyczne (Wawrocki et al. 

2020a). W tym celu porównano surowicze oraz stymulowane specyficznymi antygenami 

M.tb stężenie IL-18 (w formie całkowitej oraz wolnej), IL-18BP, IL-37, IP-10 i IFN-γ  

w grupach pacjentów z zapaleniem płuc o innej niż prątkowa etiologii (CAP, ang. 

community-acquired pneumonia) oraz pacjentów z aktywną TB  

z łagodnymi/umiarkowanymi (M/MTB; ang. mild/moderate) lub zaawansowanymi (ATB; 

ang. advanced TB) zmianami w tkance płucnej. W badaniach zaobserwowano, że podczas 

gdy w grupie pacjentów z zaawansowaną TB podwyższonemu surowiczemu stężeniu  

IL-18BP towarzyszył wyższy poziom całkowitej IL-18, w grupie pacjentów z M/MTB 

nadprodukcji IL-18BP nie towarzyszył wzrost stężenia tej cytokiny (Wawrocki et al. 

2020a). W konsekwencji, korelacje obserwowane między sekrecją IL-18 a wydzielaniem 

IFN-γ oraz IL-18BP a IFN-γ były specyficzne wyłącznie dla chorych z zaawansowaną TB, 

a nie dla chorych z M/MTB. Zależność między wolną IL-18 i IL-18BP odnotowano 

wyłącznie w grupie chorych z łagodnym/umiarkowanym zaawansowaniem zmian 

gruźliczych. Można postawić hipotezę, że podwyższony poziom krążącego IL-18BP był 

wystarczający, by przeciwdziałać wzrostowi IL-18 w grupie M/MTB, ale niewystarczający 

u pacjentów z ATB, co prawdopodobnie wynika z bardziej intensywnej sekrecji IL-18  

u chorych z zaawansowanym uszkodzeniem płuc. Wykazana w pracy nadprodukcja  

IL-18, nie zrównoważona wystarczająco przez IL-18BP, wskazuje na potencjalną rolę 

IL-18 w patomechanizmie gruźlicy płuc. Warto wspomnieć, że IL-18BP występuje  

w ustroju w różnych izoformach o różnym powinowactwie do IL-18. Izoformy a (IL-18BPa) 

i c (IL-18BPc) tego białka skutecznie neutralizują aktywność IL-18, podczas gdy izoformy 
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IL-18BPb i IL-18BPd nie mają zdolności wiązania i neutralizowania tej cytokiny  

(Kim et al. 2000). Jest więc prawdopodobne, że jednoczesny wzrost stężeń IL-18BP i IL-18 

obserwowany w grupie ATB, może wynikać, przynajmniej częściowo, z preferencyjnego 

wydzielania niefunkcjonalnych izoform IL-18BP. Ta obserwacja może wskazywać  

na IL-18BP jako potencjalny cel w nowych przeciwgruźliczych podejściach 

terapeutycznych. W szeregu badań wykazano bowiem możliwość zastosowania IL-18BP  

w leczeniu chorób charakteryzujących się zaburzeniem stosunku IL-18/IL-18BP w płynach 

ustrojowych. Podawanie egzogennej IL-18BP jest obiecującą strategią terapeutyczną  

m.in. w leczeniu łuszczycy, reumatoidalnego zapalenia stawów czy miażdżycy tętnic  

(Banda et al. 2003; Chiossone et al. 2012).  

Podsumowując, w odpowiedzi na potrzebę wytypowania biomarkerów 

odpornościowych pozwalających na odróżnienie aktywnej gruźlicy płuc o różnym 

stopniu zaawansowania zmian chorobowych od nieprątkowych postaci zapalenia płuc, 

przeprowadzono wieloparametryczną analizę statystyczną, której wyniki wykazały,  

że największy potencjał diagnostyczny w tym zakresie przedstawiała jednoczesna 

ocena dwóch surowiczych białek - IL-18BP i IP-10 oraz ich wzajemny stosunek 

ilościowy (IL-18BP/IP-10) (Wawrocki et al. 2020a). Ponadto na podstawie uzyskanych 

danych ustalono również, że iloraz surowiczego poziomu wolnej IL-18 i IP-10 (wolna  

IL-18/IP-10) oraz wolnej IL-18 i IL-18BP (wolna IL-18/IL-18BP) posiadał najlepszą 

wartość diagnostyczną w różnicowaniu pacjentów z M/MTB od chorych z CAP, natomiast 

w diagnostyce różnicowej między ATB a CAP najwyższą mocą różnicującą cechował się, 

mierzony w surowicy, wzajemny stosunek całkowitej IL-18/IFN-γ oraz IL-18BP/IFN-γ. 

Mimo wykazanej w pracy możliwości wykorzystania ilościowej oceny IL-18BP, IP-10 oraz 

IL-18BP/IP-10 w różnicowej diagnostyce TB i CAP, nie udało się znaleźć wśród badanych 

białek takich markerów, które pozwoliłyby na różnicowanie gruźlicy z zaawansowanymi  

i łagodnymi/umiarkowanymi zmianami w płucach. Nie stwierdzono również różnic  

w stężeniach badanych białek u pacjentów z gruźlicą płuc potwierdzoną bakteriologicznie 

oraz tych z ujemnym wynikiem hodowli M.tb. Wykazano ponadto, że ilościowa ocena 

krążących w surowicy biomarkerów odpornościowych jest lepszym podejściem 

diagnostycznym niż ocena ich stężenia w supernatantach hodowli pełnej krwi 

stymulowanych specyficznymi antygenami M.tb. W przeciwieństwie bowiem do surowicy 

w supernatantach hodowli prowadzonych dla porównywanych grup osób objętych 

badaniami nie obserwowano znaczących różnic w poziomach badanych białek. 
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Podsumowanie wyników 

W badaniach wykazano: 

1. brak zależności pomiędzy polimorfizmem regionu promotorowego genu kodującego 

IL-18 w pozycjach IL-18/-607C/A (rs1946518) i IL-18/-137G/C (rs187238)  

a osobniczą podatnością na zachorowanie na gruźlicę w populacji polskiej; 

2. brak korelacji pomiędzy polimorfizmem regionu promotorowego genu kodującego 

IL-18 w pozycjach IL-18/-607C/A (rs1946518) i IL-18/-137G/C (rs187238)  

a surowiczym poziomem IL-18 w badanej kohorcie; 

3. znamiennie wyższą ekspresję mRNA IL-18 i IL-18BP w leukocytach pacjentów  

z aktywną TB, jak i zdrowych osób z latentnym zakażeniem M.tb, w porównaniu  

do zdrowych ochotników niezakażonych prątkami gruźlicy; 

4. znamiennie wyższą ekspresje mRNA IFN-γ w leukocytach pacjentów z aktywną TB 

w porównaniu do osób z latentnym zakażeniem M.tb lub zdrowych niezakażonych 

prątkami ochotników; 

5. znamiennie niższą ekspresję mRNA IL-18R w leukocytach zdrowych osób  

z latentnym zakażeniem M.tb w porównaniu do pacjentów z aktywną TB  

lub zdrowych niezakażonych prątkami ochotników; 

6. brak różnic w ekspresji mRNA IL-37 w leukocytach pacjentów z aktywną TB, osób 

z latentnym zakażeniem M.tb i zdrowych niezakażonych prątkami ochotników; 

7. znamiennie wyższe surowicze stężenie całkowitej i wolnej IL-18, IL-18BP, IFN-γ  

i IP-10, zaś obniżenie poziomu IL-37 u chorych z TB w porównaniu z osobami  

z latentnym zakażeniem M.tb i zdrowych niezakażonych prątkami ochotników; 

8. znamiennie wyższe stężenie całkowitej IL-18 oraz IL-18BP i istotnie niższe stężenie 

IFN-γ w hodowlach pełnej krwi stymulowanych specyficznymi antygenami M.tb  

u pacjentów z TB w porównaniu do osób z latentnym zakażeniem M.tb i zdrowych 

niezakażonych prątkami ochotników; 

9. najlepszymi surowiczymi zestawami biomarkerów odróżniającymi aktywną TB  

od latentnej infekcji M.tb okazały się być IL-18BP~IL-37 oraz IP-10~IFN-γ; 

10. wzajemne proporcje pomiędzy stężeniem biomarkerów odpornościowych  

w surowicach lub supernatantach hodowli pełnej krwi stymulowanych antygenami 

M.tb mogą stanowić czułe wskaźniki zakażenia prątkami gruźlicy, jak ich mierzalny 

poziom;  
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11. podwyższone surowicze stężenie IL-18BP i towarzyszący mu wyższy poziom 

całkowitej IL-18 u pacjentów z zaawansowaną TB (ATB) oraz nadprodukcję  

IL-18BP, której nie towarzyszył wzrost stężenia tej cytokiny u pacjentów  

z łagodnym/umiarkowanym zaawansowaniem zmian gruźliczych (M/MTB); 

12. brak różnic w poziomie IL-18 (w formie wolnej, jak i związanej z IL-18BP),  

IL-18BP, IFN-γ, IL-37 i IP-10 w surowicy lub w stymulowanych antygenami 

prątków hodowlach pełnej krwi u pacjentów z gruźlicą płuc potwierdzoną 

bakteriologicznie oraz tych z ujemnym wynikiem hodowli M.tb; 

13. iloraz surowiczego poziomu wolnej IL-18 i IP-10 (wolna IL-18/IP-10) oraz wolnej 

IL-18 i IL-18BP (wolna IL-18/IL-18BP) posiadał najlepszą wartość diagnostyczną 

w różnicowaniu pacjentów z M/MTB od chorych z nieprątkowym zapaleniem płuc 

(CAP), natomiast w diagnostyce różnicowej między ATB a CAP najwyższą mocą 

dyskryminującą cechował się wzajemny stosunek całkowitej IL-18/IFN-γ oraz  

IL-18BP/IFN-γ w surowicy; 

14. największy potencjał dyskryminujący jednoczesnej oceny dwóch surowiczych 

białek - IL-18BP i IP-10 oraz ich wzajemnej proporcji ilościowej (IL-18BP/IP-10) 

umożliwiający odróżnienie aktywnej gruźlicy płuc od nieprątkowego zapalenia płuc.  
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Wnioski końcowe: 

I. Wzrost ekspresji mRNA IL-18, zmniejszona ekspresja mRNA IL-18R i brak 

 wzrostu ekspresji mRNA IFN-γ mogą być nowym zestawem wskaźników 

 charakteryzujących stan równowagi między odpowiedzią odpornościową 

 gospodarza a metabolicznym uśpieniem M.tb w trakcie utajonego bezobjawowego 

 zakażenia. 

II. Nadprodukcja IL-18, nie zrównoważona przez IL-18BP, w aktywnej gruźlicy płuc, 

 może wskazywać na potencjalną rolę IL-18 w patomechanizmie tej choroby. 

III. Ilościowa analiza surowiczych białek kompleksu IL-18/IL-18BP/IL-37 poszerzona  

 o ocenę poziomu chemokiny IP-10, potencjalnie może mieć zastosowanie  

 w  diagnostyce aktywnego lub utajonego zakażenia M.tb i różnicowaniu 

 nieprątkowego  zapalenia płuc.  
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Streszczenie 

Gruźlica (TB), wywoływana przez prątki Mycobacterium tuberculosis (M.tb), od lat 

pozostaje światowym problemem zdrowotnym, uznawanym za chorobę zakaźną o jednej  

z najwyższej śmiertelności, pomimo prowadzonych na szeroką skalę profilaktycznych 

szczepień przeciwgruźliczych. Według najnowszych danych Światowej Organizacji 

Zdrowia 1/4 światowej populacji jest zakażona M.tb. Zakażenie to może mieć bezobjawową 

postać utajoną (latentną), które jednak u co najmniej 10% zakażonych osób rozwija  

się w aktywną postać choroby. Epidemiologiczne znaczenie gruźlicy uzasadnia konieczność 

podejmowania wysiłków zmierzających do opracowania nowych mierzalnych wskaźników 

rozwijanej odporności protekcyjnej, mogących przyśpieszyć oraz udoskonalić 

diagnozowanie aktywnej i utajonej gruźlicy. Nadzieją na realizację powyższych wyzwań  

są badania nakierowane na lepsze wyjaśnienie mechanizmów odpornościowych chroniących 

przed infekcją M.tb, jak i wywoływanych przez sam patogen procesów patologicznych.  

Za kluczowy element w odpowiedzi odpornościowej na mykobakterie uważa  

się aktywność grasiczo-zależnych limfocytów T pomocniczych Th (T helper) o fenotypie 

Th1, które rozpoznają antygeny prątków wydzielając IFN-γ (interferon-gamma), uznawany 

za główną cytokinę kontrolującą rozwój M.tb. Do ważnych cytokin nasilających 

wytwarzanie IFN-γ należy interleukina-18 (IL-18), należąca do rodziny IL-1. Celem 

rozprawy doktorskiej było zweryfikowanie hipotezy, że IL-18 wraz z rozpoznającym  

ją receptorem (IL-18R) i wiążącym białkiem IL-18BP (IL-18 binding protein), a także 

cytokiny współdziałające z IL-18, IL-37 i IFN-γ, to ważne ogniwa odpowiedzi 

odpornościowej na mykobakterie, mogące korelować ze statusem latentnego lub aktywnego 

zakażenia M.tb. Duże znaczenie IL-18 w rozwoju odporności przeciwgruźliczej uzasadnia 

podjęcie w prezentowanej rozprawie doktorskiej badań będących próbą rozszerzenia wiedzy 

o molekularnych i funkcjonalnych wyznacznikach udziału tej cytokiny w inicjowanych 

przez M.tb procesach odpornościowych i zweryfikowaniu sugestii o potencjalnej wartości 

oznaczania IL-18 i białek funkcjonalnego kompleksu tej cytokiny (IL-18BP, IL-37, IFN-γ) 

w diagnozowaniu gruźlicy aktywnej i latentnej. 

Wyniki przeprowadzonych badań wykazały, iż wzrost ekspresji mRNA IL-18, 

zmniejszona ekspresja mRNA IL-18R i brak wzrostu ekspresji mRNA IFN-γ mogą być 

nowym zestawem wskaźników charakteryzujących stan równowagi między odpowiedzią 

odpornościową gospodarza a metabolicznym uśpieniem M.tb w trakcie utajonego 

bezobjawowego zakażenia. Jednocześnie stwierdzono, iż nadprodukcja IL-18,  
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nie zrównoważona przez IL-18BP, w aktywnej gruźlicy płuc, może wskazywać  

na potencjalną rolę IL-18 w patomechanizmie tej choroby. Natomiast ilościowa analiza 

surowiczych białek kompleksu IL-18/IL-18BP/IL-37 poszerzona o ocenę poziomu 

chemokiny IP-10, potencjalnie może mieć zastosowanie w diagnostyce aktywnego lub 

utajonego zakażenia M.tb i różnicowaniu nieprątkowego zapalenia płuc. 
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Summary 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (M.tb), has been a global 

health problem for years, considered to be an infectious disease with one of the highest 

mortality rates, despite the large-scale prophylactic vaccination against tuberculosis. 

According to the World Health Organization's latest data, 1/4 of the world's population is 

infected with M.tb. This infection may be asymptomatic (latent), but at least 10% of infected 

people develop the active disease. The epidemiological significance of TB justifies the 

necessity to create new measurable indicators of developed protective immunity, which may 

accelerate and improve the diagnosis of active and latent tuberculosis. The hope for meeting 

the above challenges is research to understand better the immune mechanisms that protect 

against M.tb infection and pathological processes caused by the pathogen itself. 

Thymic-dependent T helper lymphocytes with a Th1 phenotype activity recognize 

mycobacterial antigens and secretes IFN-γ (interferon-gamma), which is considered the 

main cytokine controlling the development of M.tb infection, is regarded as a crucial element 

in the immune response to mycobacteria. An important cytokine enhancing IFN-γ 

production is interleukin-18 (IL-18), a member of the IL-1 family. The doctoral dissertation 

aimed to verify the hypothesis that IL-18, with IL-18 receptor (IL-18R) and the protein 

binding this cytokine IL-18BP and cytokines interacting with IL-18, IL-37, and IFN-γ are 

essential links in the immune response to mycobacteria that may correlate with the status of 

latent or active M.tb infection. The high importance of IL-18 in the development of anti-TB 

immunity justifies the undertaking of research in the presented doctoral dissertation in an 

attempt to broaden the knowledge about the molecular and functional determinants of the 

participation of this cytokine in immune processes initiated by M.tb and to verify the 

suggestions about the potential value of determining IL-18 and proteins of the functional 

complex of this cytokine (IL-18BP, IL-37, IFN-γ) in the diagnosis of active tuberculosis and 

latent. 

The results of the conducted studies have shown that the increase in IL-18 mRNA 

expression, decreased IL-18R mRNA expression, and the lack of increase in IFN-γ mRNA 

expression may be a new set of indicators characterizing the state of equilibrium between 

the host's immune response and metabolically inactive M.tb during latent infection. At the 

same time, it was found that the overproduction of IL-18, not balanced by IL-18BP, in active 

pulmonary tuberculosis, may indicate a potential role of IL-18 in the pathomechanism of 

this disease. On the other hand, the quantitative analysis of the serum proteins of the IL-18 / 
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IL-18BP / IL-37 complex, extended to the assessment of the chemokine IP-10 level, could 

potentially be used in the diagnosis of active or latent M.tb infection and the differentiation 

of non-tuberculous pneumonia. 
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Interleukin 18 (IL-18) as a target for immune intervention*
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Interleukin 18 (IL-18) is a pleiotropic cytokine involved in 
the regulation of innate and acquired immune response. 
In the milieu of IL-12 or IL-15, IL-18 is a potent inducer 
of IFN-gamma in natural killer (NK) cells and CD4 T help-
er (Th) 1 lymphocytes. However, IL-18 also modulates 
Th2 and Th17 cell responses, as well as the activity of 
CD8 cytotoxic cells and neutrophils, in a host microen-
vironment-dependent manner. It is produced by various 
hematopoietic and nonhematopoietic cells, including 
dendritic cells and macrophages. In an organism, bioac-
tivity of the cytokine depends on the intensity of IL-18 
production, the level of its natural inhibitory protein — 
IL-18BP (IL-18 binding protein) and the surface expres-
sion of IL-18 receptors (IL-18R) on the responding cells. 
This review summarizes the biology of the IL-18/IL-18BP/
IL-18R system and its role in the host defense against 
infections. The prospects for IL-18 application in immu-
notherapeutic or prophylactic interventions in infectious 
and non-infectious diseases are discussed.

Key words: interleukin-18 (IL-18), IL-18 receptor, IL-18 binding pro-
tein
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INTERLEUKIN-18

Interleukin 18 (IL-18) was first described in the se-
rum of mice inoculated intraperitoneally with endotoxin 
and was called the “IFN-gamma inducing factor” (Na-
kamura et al., 1989). The name was changed to IL-18 af-
ter isolation of this cytokine from the liver extracts of 
mice treated with Propionibacterium acnes and subsequently 
challenged with lipopolysacharide, after molecular clon-
ing (Okamura et al., 1995). Although originally described 
as a factor capable of inducing IFN-gamma production 
by murine splenocytes, the effector role of IL-18 rapid-
ly expanded. IL-18 is currently classified as one of the 
members of the IL-1 cytokine superfamily- that acts as 
an important regulator of innate and acquired immune 
responses (Garcie et al., 2003; Dinarello et al., 2013). This 
cytokine is a potent activator of polarized T helper 1 
(Th1) cells for IFN-gamma production and lymphocyte 
proliferation (Lebel-Binay et al., 2000). Some studies have 
shown a functionally pleiotropic and complex function-
ing of IL-18, depending on the host environment. This 
cytokine plays effector and regulatory roles in a variety 
of early inflammatory responses. It is also expressed at 
the sites of chronic inflammation, in autoimmune diseas-
es, in a variety of cancers, and in the context of numer-
ous infectious diseases (Lebel-Binay et al., 2000; Diakow-
ska et al., 2006; Kinjo et al., 2002; Fabbi et al., 2015).

THE PRODUCTION AND ACTIVATION OF IL-18

In the body, IL-18 is constitutively expressed by sev-
eral cell types, including macrophages, Kupffer cells, 
keratinocytes, osteoblasts, adrenal cortex cells, intestinal 
epithelial cells, microglial cells and synovial fibroblasts 
(Garcie et al., 2003). This cytokine is produced by acti-
vated immune cells, dendritic cells, monocytes and mac-
rophages, T and B lymphocytes, natural killer cells (NK) 
and neutrophils. IL-18 is produced as a 24 kDa inactive 
precursor (pro IL-18) lacking a signal peptide required 
for secretion (Okamura et al., 1995). In order to be ac-
tivated, it must be processed by the intracellular cyste-
ine protease caspase-1, which cleaves the precursor into 
an active mature molecule of 17 200 Da (Dinarello et al., 
2013; Wei et al., 2014). Cleavage of pro IL-18 into ma-
ture IL-18 allows this molecule to be released from the 
cell, although a significant amount of the IL-18 precur-
sor remains unprocessed inside the cell. A signal, which 
is supplied by IL-18 to the interior of the cell, needs 
binding of the mature cytokine to its ligand, which is the 
IL-18 receptor alpha chain (IL-18Rα). However, the low 
affinity of binding between IL-18 and IL-18Rα prevents 
initialization of the signal transduction pathway and im-
mune cell activation (Schneider et al., 2010). Full activa-
tion of cells by IL-18 requires interaction between the 
interleukin IL-18Rα receptor and the IL-18 beta chain 
co-receptor (IL-18Rβ). This complex is functionally and 
structurally similar to other members of the IL-1 family, 
with the IL-1RAcP co-receptor (IL-1 receptor accessory 
protein). The cytoplasmic fragment of the IL-18 recep-
tor and other receptors of the IL-1 family have a TIR 
domain (Toll IL-1 receptor), belonging to the Toll-like 
(TLR) receptors. The activation of IL-18 results in a cas-
cade of reactions in which the Toll-IL-1 receptor (TIR) 
recruits and binds to the myeloid differentiation factor 
88 (MyD88), which mediates signal transduction to the 
TNF receptor associated factor 6 (TRAF6) and IL-1 re-
ceptor associated kinases (IRAKs). That reaction causes 
activation of the NF-κB transcription factor, which stim-
ulates gene transcription leading to the production of 
pro-inflammatory cytokines (Dinarello et al., 2013; Kali-

*e-mail: mkow@biol.uni.lodz.pl
*The results were presented at the 6th International Weigl Confer-
ence on Microbiology, Gdańsk, Poland (8–10 July, 2015).
Abbreviations: BCG, Bacillus Calmette-Guérin; GM-CSF, granulo-
cyte macrophage colony stimulating factor; IL-18, Interleukin 18; 
IL-18BP, IL-18 binding protein; IL-18R, IL-18 receptor; IL-1RAcP, IL-1 
receptor accessory protein; IRAKs, IL-1 receptor-associated kinases; 
MyD88, myeloid differentiation factor 88; NFkb, nuclear factor kb; 
rBCGmIL-18, recombinant BCG strain producing murine IL-18; TIR, 
Toll-IL1 receptor domain; TRAF-6, tumor necrosis factor receptor-
associated factor-6
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na et al., 2000; Wei et al., 2014). The IL-18 signal trans-
duction pathway is illustrated in Fig. 1. IL-18 modulates 
numerous immune reactions mainly by stimulating the 
IFN-g production and its modulatory effects depend on 
the co-existence of IL-18 with IL-12 or IL-15 in the mi-
croenvironment (Robinson et al., 2012) These cytokines 
can increase the expression of the IL-18Rβ receptor, 
which is crucial for IL-18 signal transduction.

The proinflammatory activity of IL-18 is balanced 
by a constitutively secreted IL-18 binding protein (IL-
18BP) with an extremely high affinity to IL-18, which 
is significantly higher than that of IL-18Ra. IL-18BP is 
a member of the Ig superfamily (Novick et al., 2013). 
By binding IL-18, IL-18BP diminishes the production 
of IFN-gamma and other proinflammatory cytokines in 
order to reduce triggering autoimmune responses to in-
fections (Nakanishi et al., 2001). In humans, an increase 
in disease severity can be associated with an imbalance 
between IL-18 and IL-18BP, which yields to elevation of 
the levels of free IL-18 in the circulation (Dinarello et 
al., 2013). The increase in the levels of IL-18 and/or IL-
18BP has been implicated in severity of systemic juvenile 
idiopathic arthritis, systemic lupus erythematous, myocar-
dial infarction, Crohn’s disease, acute kidney injury, in-
flammatory bowel disease, sepsis and other diseases. The 
IL-18BP as well as IL-18 neutralizing antibodies, have 
been used safely in clinical trials in humans. However, it 
cannot be forgotten that in some models of disease, IL-
18 plays a protective role. The broad spectrum of IL-18 
functions, as well as the differing levels of the cytokine 
and IL-18BP that occur in numerous diseases, indicate 
that both, IL-18 and IL-18BP, can also be useful as the 
biomarkers in diagnostics (Dinarello et al., 2013).

IL-18 is regarded as a potent regulator of innate and 
acquired immune responses (Garcie et al., 2003; Din-
arello et al., 2013). With the participation of IL-12 or  
IL-15, IL-18 induces NK activity and directs immunity 
towards Th1 cell response, characterized by the pro-
found IFN-gamma production. Without IL-12 or IL-15, 
IL-18 does not induce IFN-gamma production because 
these two cytokines increase the expression of IL-18Rb, 
which is essential for the IL-18 signal transduction (Din-
arello et al., 2013). It has been also shown that IL-18 
promotes IFN-gamma production in synergy with other 
Th-1-related cytokines, IL-2 and IL-23 (Okamoto et al., 
2002, Nakahira et al., 2002, Okazawa et al., 2004). In the 
absence of IL-12, IL-18 can induce the Th2 response. In 
E. coli-infected mice, IL-18 promoted both, Th1 and Th2 
responses (Kinoshita, Kuranaga et al., 2006). Studies per-
formed in double knockout mice of IL-12p40 and IL-18, 
have shown that IL-18 plays a role in the induction of 
Th17 cell responses (Lim et al., 2013). It has been sug-
gested that IL-18 activates and enhances IL-17 produc-
tion in already polarized Th17 cells, in a TCR-indepen-
dent manner in synergy with IL-23 (Weaver et al., 2006). 
The IL-18-driven increase in IFN-gamma production is 
accompanied by the enhancement in T cell proliferation 
and production of various cytokines (IFN-γ, TNF-α, 
GM-CSF, IL-14, IL-5, IL-13) by T helper (CD4+) 
lymphocytes and in activation of cytotoxic T (CD8+) 
lymphocytes. Multiple intraperitoneal IL-18 injections, 
but not just a single injection, enhanced both Th1 and 
Th2 response, humoral immunity, as well as neutrophil 
phagocytic activity in immunocompromised mice infect-
ed with pathogens, such as E. coli, Listeria monocytogenes, 
Staphylococcus aureus, Cryptococcus neoformans (Kinoshita et al., 
2013). However, exogenous IL-18 may sometimes induce 
exaggerated inflammatory reactions that are harmful to 
the host, because of its potent IFN-gamma inducing ca-

pability. The excessive IL-18-driven reaction sometimes 
causes multiorgan injures and lethality.

PROSPECTS FOR THE IL-18 APPLICATION IN IMMUNE 
INTERVENTIONS

The IL-18 driven intensification of IFN-gamma pro-
duction is accompanied by an increase in nitrogen oxide 
synthase and killing ability of macrophages. It suggests 
an important role of IL-18 in the resistance to intracel-
lular pathogens- which are able to develop inside im-
mune cells, including macrophages. M.tb, the causative 
agent of tuberculosis (TB), belongs to this group of 
bacterial pathogens. Recent epidemiological data clearly 
indicates that TB remains one of the most deadly infec-
tious diseases. According to the WHO data from 2013, 
this disease was diagnosed in more than 9 million cases 
worldwide, and up to 2 million people die annually be-
cause of it. The control of TB is still difficult because 
of not fully effective diagnosis and insufficient protec-
tive effectiveness of the only currently used anti-tuber-
culosis BCG (Bacillus Calmette-Guerin) vaccine (WHO, 
Global Tuberculosis Report, 2014). A crucial role of 
IL-18 in the host protection against M.tb infection was 
shown by Kinjo et al. in studies using IL-18 knockout 
and IL-18 transgenic mice. IL-18 deficient mice were 
more prone to an M.tb infection and their sera, spleens, 
lungs and livers contained less IFN-g than those of wild-
type mice (Kinjo et al., 2002). The IFN-g production by 
spleen cells stimulated with mycobacterial antigens was 
also impaired in IL-18 knockout mice. In contrast, IL-18 
transgenic mice were more resistant to an M.tb infection 
than control wild mice, and the levels of IFN-g in their 
serum and its production by mycobacterial antigen stim-
ulated spleen cells were increased. These data suggested 
a significant contribution of IL-18 to the development 
of Th1 immunity (Kinjo et al., 2002). The pronounced 

Figure 1. IL-18 signal transduction pathway (Dinarello et al., 
2003, modified).
IL-18R, IL-18 receptor; TIR, Toll-IL1 receptor domain; MyD88, my-
eloid differentiation factor 88; TRAF-6, tumor necrosis factor re-
ceptor-associated factor-6; IRAKs, IL-1 receptor-associated kinases; 
NFκB, nuclear factor κB.
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role of IL-18 in the defense against TB was confirmed 
by Schneider et al. (Schneider et al., 2010). The protective 
Th1 response to M.tb was decreased in IL-18 deficient 
mice, which constituted a privilege for mycobacterial 
propagation. Neutrophil driven lung immunopathology, 
concomitant with unrestricted growth of M.tb bacteria, 
was most probably responsible for the premature death 
of IL-18 knockout mice infected with M.tb. In humans, 
IL-18 promoter gene –607C/A polymorphism was 
found to be a risk factor for TB in the Chinese pop-
ulation, but not for the south Indian population (Li et 
al., 2013, Harishankar et al., 2007). A large case-control 
study revealed that polymorphisms in the IL-18 recep-
tor alpha chain gene IL-18R1 were associated with the 
risk of TB in older Chinese people (over 46 years old) 
(Zhang et al., 2014). In addition, SNPs (Single Nucleo-
tide Polymorphism) in the IL-18R1 promoter were asso-
ciated with the genotype-specific methylation status and 
genotype-specific IL-18R1 expression, which suggests 
that increased DNA methylation and decreased mRNA 
expression of IL-18R1 might partially mediate the in-
creased susceptibility to TB.

Extraordinary susceptibility to infections’ compli-
cations, such as sepsis in patients with severe surgical 
stress, i.e. trauma injury, burn injury or major surgery, 
is a frequent and unresolved problem (Kinoshita et al., 
2013). The loss of the physical skin barrier, as well as 
bacterial translocation from the gut, can cause sepsis 
in such patients. Bacterial infection can lead to lethal 
multi-organ injuries, as the host defense system is sig-
nificantly weakened, which promotes microbial growth. 
Mice studies suggest a possible medical application for 
IL-18 in the treatment of post-burn E. coli infection. 
Multiple injections of IL-18 to the burn injured mice 
remarkably increased the IFN-g production by mono-
nuclear liver cells, thus improving bacterial clearance 
and mouse survival after E. coli infection (Kinoshita et 
al., 2004; Kinoshita, Kuranaga et al., 2006). Small doses 
of IL-18 also restored the development of specific an-
tibacterial immune responses, preventing infections with 
Pseudomonas aeruginosa and methicillin-resistant Staphylococ-
cus aureus, the most common bacteria in post-burn infec-
tions (Kinoshita et al., 2004; Kinoshita, Shinomiva et al., 
2006; Kinoshita et al., 2011). IL-18 driven activation of 
neutrophils was mostly responsible for improved elimi-
nation of these pathogens. Therapy involving administra-
tion of IL-18 also results in an up-regulation of IFN-γ 
production by NK cells and recruitment of neutrophils, 
monocytes and macrophages into infectious foci. IL-18 
treatment for burn-injured mice strengthened the host 
defense against P. aeruginosa infection by the up-regu-
lation of natural IgM production in the liver B1 cells, 
which were characterized as CD43+CD5–CD23–B220dim 
cells (Kinoshita, Shinomiva et al., 2006). Such antibod-
ies may opsonize bacteria and facilitate their ingestion 
by phagocytes before specific antibacterial antibodies 
are produced. Multiple IL-18 injections activate natural 
IgM-producing B-1 cells in the liver and restore the hu-
moral immunity against bacterial infections after a burn 
injury. Such activity of IL-18 may also be helpful in 
preventing the serious complications in pneumococcal 
respiratory infections in immunocompromised patients 
(Kinoshita et al., 2013). Altogether, these data suggest that 
IL-18 treatment may be recognized as an alternative and 
useful therapeutic tool against infections caused by intra-
cellular and extracellular pathogens, even in individuals 
with an immunodeficiency.

In some preclinical models IL-18 has been found to 
have an antitumor activity (Srivastava et al., 2013, Fabbi 

et al., 2015). It has been shown that systemic adminis-
tration of IL-18 enhances the regression of a well-es-
tablished primary tumor by a mechanism that depends 
on CD8+ T cells, Fas (CD95)/FasL (Fas ligand) inter-
action and endogenous IFN-g, particularly in a combi-
nation with other cytokines (Robertson et al., 2008). In 
a combination with monoclonal antibodies (mAB) rec-
ognizing the CD20 antigen on B lymphocytes, IL-18 
co-stimulates IFN-g production and antibody-dependent 
cellular cytotoxicity (ADCC) of NK cells, which are ac-
tivated through the surface receptors for Fc fragments 
of the antibody molecules. In this way, IL-18 augments 
the activity of mAB against B cell leukemias and lym-
phomas. In other experimental studies, synergistic effects 
of IL-18 and M. bovis BCG bacteria on the IFN-g Th1 
responses were observed in a mouse model of bladder 
cancer (Luo et al., 2004). BCG has been applied in the 
treatment of superficial bladder cancer for years, how-
ever, 30–50% of patients did not respond to the BCG 
therapy. To improve the therapeutic efficacy of BCG, a 
recombinant BCG strain that functionally secretes mu-
rine IL-18 (rBCGmIL-18) was developed. BCG bacte-
ria themselves are strong Th1 inducers. Small amounts 
of IL-18 released by rBCGmIL-18 augmented Th1 im-
munity in mice, which led to: a) reduced mycobacterial 
growth in spleen after infection, b) increased production 
of IFN-g, TNF-α (tumor necrosis factor-a) and GM-
CSF (granulocyte macrophage colony stimulating factor), 
and decreased secretion of IL-10, by spleen cells stimu-
lated with BCG, c) augmented macrophage cytotoxicity 
against bladder cancer MBT-2 cells. It can be expected 
that this feature of recombinant BCG strains, capable of 
expressing IL-18, might be useful in immunotherapy and 
prophylaxis of diseases in which Th1 response is desir-
able (Dinarello et al., 2013; Luo et al., 2004; Novick et 
al., 2013). This expectation seems to be confirmed by 
our recent demonstration of a remarkable advantage of 
recombinant rBCGhIL-18 producing human IL-18 over 
nonrecombinant BCG in the stimulation of dendritic 
cells to preferentially trigger strong IFN-g secretion by 
naive CD4(+) T cells in healthy humans vaccinated with 
BCG (Szpakowski et al., 2015). Previously, the rBCG-
mIL-18 strain producing murine IL-18 had been found 
to modify the Th2 type responses in a murine model 
of the ovalbumin-dependent allergic reaction. Following 
in vitro stimulation with an ovalbumin, lymph node cells 
from rBCGmIL-18-treated mice produced less IL-5 and 
more IFN-gamma than those of mice injected with non-
recombinant BCG (Biet et al., 2005). After a challenge 
with ovalbumin, a strong reduction of bronchoalveolar 
eosinophilia was observed in rBCGmIL-18-injected mice. 
This activity of the rBCGhIL-18 strain might be help-
ful in alleviating the symptoms of allergic reactions. The 
polarized response of Th2 lymphocytes to an allergen is 
considered to be the main cause of the pathogenesis of 
asthma (Kowalski et al., 2015).

Some data point to the crucial role of IL-18 in main-
taining the homeostasis. A study group of IL-18 deficient 
mice indicated a predisposition of mice to obesity and 
other metabolic disorders. These mice were characterized 
by a significantly higher weight (by 40%) and an increase 
in the body fat content (over 100%) compared to wild-
type animals. Individuals with a defect in the expression 
of the surface IL-18Rα receptor also showed a predispo-
sition to obesity, diabetes and other metabolic disorders. 
These disorders were due to the inefficient functioning 
of the central nervous system region responsible for the 
regulation of the appetite, which might affect the depo-
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sition of fat in the key blood vessels (Dinarello et al., 
2013; Novick et al., 2013).

The knowledge of the biology system including IL-18, 
its receptor IL-18R and inhibitor IL-18BP allows to sug-
gest a possibility of alleviating the symptoms of diseases 
associated with the IFN-g overproduction, such as sys-
temic lupus erythematosus, Wagner’s disease or Crohn’s 
disease, by blocking the IL-18 activity. It is worth em-
phasizing that blocking the activity of IL-18 may also 
find applications in the treatment of multiple sclerosis, 
where IL-18 promotes the expression of a surface vas-
cular cell adhesion molecule 1, attributed to play an im-
portant role in the development of the disease (Dinarello 
et al., 2013; Novick et al., 2013; Wei et al., 2014).

Despite all the potentially positive aspects of ad-
ministration of exogenous IL-18 in preventing var-
ious complications in bacterial infections, immuno-
stimulation of antitumor responses or diminishing 
allergic disorders, this cytokine can also cause an ex-
aggerated inflammatory response due to its potent 
IFN-γ inducing capability. It limits a possibility of 
IL-18 therapy only to immunocompromised hosts, where 
this cytokine may effectively restore the host immune re-
sponses without evoking any exaggerated inflammatory 
processes. In order to overcome these limitations, new 
methods of IL-18 administration need to be developed 
to avoid the potential harmful effects of exogenous  
IL-18. Recombinant BCG mycobacteria producing  
IL-18 seem to be a good formula for the administration of  
IL-18 (Biet et al., 2002, Luo et al., 2004).
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.e development of e1ective innate and subsequent adaptive host immune responses is highly dependent on the production of
proin3ammatory cytokines that increase the activity of immune cells. .e key role in this process is played by in3ammasomes,
multimeric protein complexes serving as a platform for caspase-1, an enzyme responsible for proteolytic cleavage of IL-1β and
IL-18 precursors. In3ammasome activation, which triggers the multifaceted activity of these two proin3ammatory cytokines, is
a prerequisite for developing an e7cient in3ammatory response against pathogenic Mycobacterium tuberculosis (M.tb). .is
review focuses on the role of NLRP3 and AIM2 in3ammasomes in M.tb-driven immunity.

1. Introduction

Mycobacterium tuberculosis (M.tb), the causative agent of
tuberculosis (TB), is a facultative intracellular bacterium
that can survive and replicate within host macrophages [1, 2].
By avoiding critical components of macrophage-killing
repertoire such as phagosome-lysosome fusion, phagosome
acidi?cation, activity of lysosomal enzymes or reactive ox-
ygen, and nitrogen intermediates, M.tb evades killing and
eradication [3]. In addition to phagocytic activity and ability
to present antigens to T-cells, macrophages are key cells that
regulate the antimycobacterial immune response via se-
creted cytokines. .e functional capacity of macrophages in
?ghting infection depends on the degree of their activation.
Inactive macrophages have limited ability to inhibit the
growth of ingested mycobacteria, thereby serving as a safe
life niche. After activation by interferon-gamma (IFN-γ)
that is secreted by T-cells, macrophages acquire enhanced
bactericidal strength enabling them to kill mycobacteria
growing intracellularly [4]. .e IFN-γ-driven antimicrobial
properties of phagocytes are augmented by IL-18 and IL-1β,
two proin3ammatory cytokines processed by caspase-1 that
are recruited to the in3ammasomes, multiprotein platforms

composed inter alia of intracellular sensors for pathogen- or
host-derived molecules. IL-18, belonging to the IL-1 family,
is produced by a wide range of immune and nonimmune
cells [5–7]. .e IL-18 precursor (pro-IL-18) is converted by
caspase-1 into an active molecule, which forms a signaling
complex with IL-18R [8, 9]. .e receptor is composed of two
chains: alpha (IL-18Ra) and beta (IL-18Rb). IL-18Rb is
a signal transduction chain, essential for the formation of
a high a7nity complex and cell activation. .e primary role
of IL-18 is to induce IFN-γ production in cooperation with
IL-12 or IL-15, although immunological e1ects exerted
by IL-18 are dependent on the cytokine microenvironment.
IL-18 is able to polarize T lymphocyte response towards.1,
induce T-cell proliferation, activate NK cells, enhance CD8(+)
T cytolytic activity, and augment, apart from IFN-γ, the
production of varied cytokines including tumor necrosis
factor-α (TNF-α), interleukin- (IL-) 4, IL-5, IL-13, IL-17, and
granulocyte-macrophage colony stimulating factor (GM-
CSF) [8, 10, 11]. .us, the multifaceted activity of IL-18
seems to play a prominent role in host defense against both
extracellular and intracellular pathogens, including M.tb.
However, an excessive IL-18 response might contribute to
the induction of pathomechanisms leading to the damage of
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cells and tissues [12, 13]. .erefore, the proin3ammatory
activity of IL-18 is balanced by a constitutively secreted IL-18
binding protein (IL-18BP), whose binding to IL-18 de-
creases the production of IFN-γ and other cytokines,
thereby reducing the risk of immunopathology [14]. .e
other in3ammasome-dependent cytokine, IL-1β, which is
mainly produced by monocytes and macrophages, plays
an important role in in3ammation and host immune
response by a1ecting the function of various cells, either
alone or in combination with other cytokines [15–17].
.e activity of IL-1β is tightly regulated at the levels of
its transcription and release. .e production of IL-1β
is regulated by several proteins including pyrin, PI-9
(the caspase-1 inhibitor proteinase inhibitor 9), and
some CARD-containing proteins, which interfere with the
recruitment of caspase-1 or directly neutralize its activity
[18]. .e e1ects of IL-1β are exerted via binding speci?c
cell surface receptors—IL-1RI and IL-1RII [19]. As in the
mature IL-18 form, active IL-1β is created after the
proteolytic cleavage of its precursor by in3ammasome-
dependent caspase-1. Mature IL-1β plays important ho-
meostatic functions in organisms and is implicated in the
initiation of antimicrobial immunity via the induction of
TNF-α and IL-6 release and polarization of .17 response,
which improve protective mucosal host defense by the
secretion of IL-17 and IL-22 [20, 21]. .e proin3ammatory
role of IL-1β in the resistance against M.tb has been
con?rmed by the observation that IL-1β or IL-1R knockout
mice were found to be more susceptible to TB showing high
mortality and increased bacterial burden in the lungs [22].
Additionally, double-de?cient IL-1α/β mice had signi?-
cantly larger granulomas, and their alveolar macrophages
produced less nitric oxide than the cells from wild-type
animals [23].

2. Inflammasomes—Mediators of
Inflammation

In3ammation is an evolutionarily conserved protective re-
sponse to noxious stimuli mounted by the innate immune
system of the host. Immune de?ciencies leading to in-
su7cient development of in3ammation processes may result
in severe and recurrent infections, although overly intense
activation of the in3ammation cascade may be a cause of
chronic systemic in3ammatory disorders [24, 25]. .e de-
velopment of innate immunity starts from the recognition of
conservative antigenic structures called DAMPs (danger-
associated molecular patterns) and PAMPs (pathogen-
associated molecular patterns) by pattern recognition
receptors (PRRs) presented on the surface of ?rst-line defense
immune cells—macrophages and neutrophils. Activation of
these receptors triggers a cascade of signals that results in the
induction of multiple proin3ammatory cytokines. .e ?nal
step of the activation is the production of oxygen and ni-
trogen radicals, essential elements of the intracellular killing
system. .e secretion of these radicals is under strict control
of a variety of monocyte/macrophage-derived cytokines
such as IL-1β and IL-18..e key role in this process is played
by structures called in3ammasomes, multimeric protein

complexes that control many aspects of innate and adaptive
immunity. .rough their cooperation with PRRs, in3am-
masomes activate host defense pathways resulting in
clearance of various viral and bacterial infections, including
those caused by mycobacteria. .ey function as an acti-
vating sca1old for in3ammatory caspases that play an
essential role in the maturation and secretion of proin-
3ammatory cytokines as well as in pyroptosis, an in-
3ammatory death of infected cells [26, 27]. Caspases are
produced as inactive proenzymes that dimerize and un-
dergo cleavage to form active molecules. Assembly into
dimers, facilitated by various adaptor proteins binding to
speci?c regions of their precursor forms—procaspases, is
achieved through in3ammasome formation [28]. Activated
in3ammatory caspases, typically caspase-1, lead to the
generation of active IL-1β, IL-18, and IL-33 from their
proprotein precursors. .e mature cytokines are engaged
in the recruitment of immune cells to the sites of infection
and enhancement of the host’s defensive responses against
invading pathogens [26].

.e in3ammasomes are activated by multiple recognition
receptors, which determine their structure and function.
.e canonical in3ammasome sensors are nucleotide-binding
domain–like (NLR) proteins and absent in melanoma 2–like
(ALR) proteins and PYRIN. All of them have the ability to
assemble in3ammasomes and activate the in3ammatory
caspase-1.

.e NLR family contains the NLRPs (or NALPs) and the
IPAF (ICE-protease-activating factor) subfamilies [29, 30].
Each NLR molecule (NLRP1, NLRP3, NLRP6, NLRP7,
NLRP12, or NAIP/NLRC4) recognizes speci?c ligands that
activate the assembly of the in3ammasome. NLR proteins
consist of the conserved nucleotide-binding and oligo-
merization domain (NACHT or NOD), an N-terminal
caspase recruitment domain (CARD) or pyrin domain
(PYD) or baculovirus inhibitor repeat- (BIR-) like domain,
and C-terminal leucine rich repeats (LRRs) [26, 31–35].
LRRs are responsible for the recognition of PAMPs, while
the NACHT domain activates proin3ammatory cytokine
pathways via ATP-dependent oligomerization [26, 29]. .e
NLRP1 in3ammasome has a CARD that activates caspase-1
[36, 37], and therefore the recruitment of ASC is not re-
quired to interact directly with procaspase-1. However, it has
been shown that the participation of ASC in the process
enhanced the activation of the enzyme. In contrast, NLRP3
contains no typical CARD domain that contributes to the
activation of caspase-1 through the interaction of the PYD
domain of NLRP3 with ASC [25]. Compared with NLRP1
and NLRP3, the IPAF protein does not contain a PYD but
instead has a CARD that interacts directly with procaspase-1
without the need for ASC [38].

.e members of the ALR group (known as the PYHIN
family) are characterized by the presence of the pyrin do-
main (PYD) and one or two hematopoietic IFN-inducible
nuclear antigens with 200 amino acid repeat (HIN-200)
domains [26]. .e PYD recruits proteins for the forma-
tion of in3ammasomes, while the HIN domain recognizes
and binds to DNA that can be found in the cytosol [26]. .e
best-known ALRs, absent in melanoma 2 (AIM2) and IFN-γ
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inducible protein 16 (IFI16), function as intracellular im-
mune sensors that detect microbial DNA. .e PYHIN
proteins di1er in their localization in the cell compartments;
AIM2 can be found in the cytosol, whereas IFI16 is usually
localized in the nucleus [39].

PYRIN, another canonical in3ammasome-activating
protein, is composed of an N-terminal PYD followed by
two central B-box zinc ?nger and coiled-coil domains and in
humans, a C-terminal B30.2/rfp/SPRY domain [40]. PYRIN
associates through a PYD-PYD interaction with ASC pro-
tein, leading to its oligomerization that results in caspase-1
activation and interleukin-1β processing [40]..e activation
of the PYRIN in3ammasome is induced by the inactivation
of RhoA GTPase by bacterial toxins [26, 41]. .e process of
activation has been detected in both mice and humans,
suggesting that the B30.2/rfp/SPRY domain is not necessary
for its initiation.

3. Inflammasomes in Mycobacterium
tuberculosis Infection

.e in3ammasomes have been found to play important roles
in host immunity against mycobacteria since it has been
found that mice de?cient in IL-18, IL-1β, or IL-1 receptor
type I (IL-1R1) are more susceptible to M.tb infection
[42–46]. Two in3ammasomes, containing NLRP3 and AIM2
molecules as sensor proteins, were found to play a crucial
role in M.tb-induced immunity (Figure 1) [20, 47, 48].

.e NLRP3-containing in3ammasome can be activated
by a wide group of stimuli including whole mycobacterial
cells, as well as viruses, fungi, environmental chemical ir-
ritants, and host-derived molecules such as extracellular
ATP, ?brillar amyloid-β peptide, and hyaluronan [22,
49–53]. .e NLRP3 in3ammasome-activated responses
result in the release of signi?cant amounts of caspase-1,
which leads to maturation and secretion of IL-1β and IL-18
and activation of pyroptosis [26]. .e process of NLRP3
activation is triggered by at least two signals: (1) a priming
signal eliciting the expression of NLRP3, pro-IL-1β, and pro-
IL-18 genes after TLR stimulation and (2) an activation
signal leading to the autocatalytic activation of procaspase-1
and proteolytic cleavage of pro-IL-1β and pro-IL-18. In most
cell types, NLRP3 priming is a prerequisite for deubiquiti-
nation and assembly of the NLRP3 in3ammasome. Reloc-
alization of NLRP3 to the mitochondria is followed by the
secretion of mitochondrial factors into the cytosol, potas-
sium eNux through membrane ion channels, and release
of cathepsin resulting in destabilization of lysosomal
membranes. Apoptosis-associated speck-like protein (ASC)
plays an important role in the formation of an e1ective
in3ammasome. ASC recruits procaspase-1 through its
C-terminal caspase recruitment domain (CARD) and in-
teracts with NLRP3 via its pyrin domain (PYD), serving as
a bridge between these two molecules. .e autocatalysis of
procaspase-1 results in its cleavage and transformation into
active caspase-1, which in turn cleaves the precursors of two
proin3ammatory cytokines, IL-1β and IL-18, leading to their
secretion into the cytoplasm or induction [24, 25, 48, 54, 55].
However, themechanismof triggering theNLRP3 in3ammasome

complex activation cascade is still a subject of debate, and at
least three models for the process have been proposed. .e
?rst suggestion is that the activation mechanism is associated
with an eNux of potassium ions out of the cell and a reduction
in their intracellular concentration. Such amodel of activation
occurs in monocytes/macrophages after stimulation with
numerous stimuli including ATP, nigericin, bacterial cells, or
their components [56, 57]. Recently, NEK7 protein, amember
of the family of NIMA-related kinases (NEK proteins), has
been identi?ed as an NLRP3-binding protein that acts
downstream of potassium eNux to regulate NLRP3 assembly
and activation [58]. He et al. demonstrated that in the absence
of NEK7, caspase-1 activation and IL-1β release were abro-
gated in response to signals that activate NLRP3 [58].
According to the second suggested mechanism, in3amma-
some activation is a result of lysosomal membrane damage
and release of the phagosome content into cytosol [22, 59].
.e third and most accepted model assumes that the in-
duction of the NLRP3 in3ammasome complex is caused by
mitochondrial reactive oxygen species (ROS) [60–63]. .e
common ?nal step in all of these models is the release
of cathepsins into the cytosol leading to the lysosomal de-
stabilization and conversion of procaspase-1 into a bi-
ologically active caspase-1 form. It should also be mentioned
that formation of the NLRP3 in3ammasome and cytokine
release occur independently of transcriptional upregulation
[64]. Juliana et al. showed that TLR4 signaling through
MyD88 nontranscriptionally primed the NLRP3 in3amma-
some by its deubiquitination. .e mechanism was dependent
on mitochondria-derived reactive oxygen species and was
involved in the secretion of cytokines, such as IL-18, and
other in3ammatory mediators such as high-mobility group
protein 1 (HMGB1) [64, 65].

.e AIM2 (absent in melanoma 2) receptor, possessing
a C-terminal HIN-200 domain and an N-terminal pyrin
domain (PYD), triggers AIM2 in3ammasome activation,
in3ammatory cell death (pyroptosis), and release of IL-1β
and IL-18 in response to cytosolic double-stranded (ds)
DNA [66, 67]. Studies of gene-targeted AIM2-de?cient mice
have shown that AIM2 in3ammasomes play a role in host
defense against viruses and intracellular bacterial pathogens
such as listeriae and mycobacteria [68–70]. AIM2 in3am-
masomes can be activated by DNA sequences having at least
80 base pairs in length in a sequence-independent manner
[71, 72]. .e HIN-200 and PYD domains take part in
forming a complex, which is maintained in an inactive state
during homeostasis [71, 73]. Binding of dsDNA to HIN-200
facilitates oligomerization of AIM2, and the resulting
conformational change exposes the N-terminal PYD to
allow the recruitment of the adaptor protein ASC. .e
CARD of ASC binds the CARD of procaspase-1, that forms
an active AIM2 platform. Upon autoactivation, caspase-1
directs maturation and secretion of proin3ammatory cy-
tokines [48, 55, 66, 68, 74].

.e latest data suggest that NLRP3- or ASC-de?cient
animals are characterized by impaired in3ammasome for-
mation and increased susceptibility to TB [20, 54, 68, 75, 76].
However, NLRP3−/− and ASC−/− mice produced IL-18 and
IL-1β levels comparable to those of wild-type mice, which
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suggests the involvement of in3ammasome-independent
pathways in the secretion of these cytokines [21, 42, 47].
Many reports have demonstrated that a wide range of mi-
croorganisms are able to inhibit in3ammasome activation
and function. Viruses and many bacterial pathogens develop
several mechanisms of repression of in3ammasome folding;
however, not all mechanisms are clearly understood. Yer-
sinia enterocolitica produce YopE and YopT proteins that
supress caspase-1 maturation, whereas YopK protein of Y.
pseudotuberculosis binds to the type III secretion system,
thereby preventing the recognition of the pathogen by host
cell in3ammasome. Pseudomonas aeruginosa mediates
suppression of NLRC4-in3ammasome by secreting ExoU
and ExoS e1ectors, whose mechanism of action still needs
elucidation. Virulent M.tb can inhibit the formation of
AIM2 and NLRP3 in3ammasomes both directly and in-
directly, but the factors responsible for the inhibition have
not been recognized thus far. One of the likely mechanisms
is the activity of Zn-metalloprotease called ZMP1, which
inhibits the activation of NLRP3 in3ammasome and, as
a consequence, leads to the reduction of caspase-1 activity
[77–79]. Master et al. showed that infection of mice mac-
rophages with zmp1-deleted M.tb induces activation of the
in3ammasome, resulting in enhanced maturation of phag-
osomes, increased IL-1β secretion, and betterM.tb clearance
in lungs [79]. It is probable that M.tb is able to restrain the
activation of other in3ammasome types, but evidence is
needed to con?rm this hypothesis. In addition to the in-
duction of in3ammasome activation via PRRs,M.tb antigens
can modulate other innate immunity-associated functions.
One recently identi?ed protein, tyrosine phosphatase (Ptp)
A, enters the nucleus of the host cells and regulates the
transcription of many host genes involved in the mecha-
nisms of innate immunity, cell proliferation, and migration
[80]..e enzyme is also able to dephosphorylate certain host
proteins (p-JNK, p-p38, and p-VPS33B), leading to in-
hibition of phagosome-lysosome fusion and blocking the
acidi?cation of phagosomes. Both activities are crucial for
M.tb virulence in vivo through the promotion of M.tb’s
intracellular survival in macrophages [80]. M.tb often es-
capes from the phagosome within a few days of the invasion
of the host organism and creates di7culties in assessing the
potential role of in3ammasomes during the initial stages of
mycobacterial infection. Moreover, the evaluation of IL-1β
and IL-18 produced as a result of in3ammasome activation is
inadequate in revealing the signi?cance of formed multi-
protein platforms in the course of developing infection. .e
initiation of phagocytosis causes a decrease in the levels of
potassium ions in macrophages, which have been found to
be one of the crucial in3ammasome activators during in-
fections with M.tb and nontuberculous mycobacteria [81].
Other regulators such as thioredoxin-interacting proteins,
activated by the increase in reactive oxygen species in cy-
tosol, are thought to have minor e1ect on the formation of
in3ammasomes inM.tb infection [47]..e signaling cascade
can also be activated by the mycobacterial type VII secretion
system (ESX-1), which is responsible for translocation of
extracellular DNA (eDNA) in cytosol and the production
of IFN-β. Many studies have demonstrated that, at the

molecular level, IFN-β regulates the AIM2 in3ammasome
activity [82, 83]. Some ESX-1-de?cient M. smegmatis mu-
tants have been shown to possess limited capacity for AIM2
in3ammasome activation. However, in contrast to non-
tuberculous mycobacteria (NTM), M.tb mutants lacking
ESX-1 system failed to inhibit AIM2 formation, while the
wild-type strain inhibited the in3ammasome activation
[47, 84]..e suggested mechanism of inhibition involves the
IFN-β-mediated induction of IL-10, which in turn sup-
presses IL-1β production [85, 86]. However, further in-
vestigation is needed to elucidate the molecular mechanism
of M.tb-driven AIM2 inhibition and its consequences
for bacterial virulence. M. bovis BCG vaccine strain, which
does not possess the ESX-1 system, poorly activates multiple
NLR and in3ammasome complex components includ-
ing caspase-1 [87]. .e bacilli repress the expression of
thioredoxin-interacting protein (TXNIP), an antioxidant
inhibitor recruiting caspase-1 to the NLRP3 in3ammasome.
.e inhibition of TXNIP by BCG limits NLRP3 activation
and restrains pyroptosis following mycobacterial infection.
Proin3ammatory responses to BCG bacilli was found to be
driven primarily through Toll-like receptors (TLRs), since
BCG does not activate expression of genes downstream of
TLR/MyD88- and NOD-2-driven NF-κβ and AP-1 path-
ways. However, BCG is still able to induce moderate IL-1β
secretion as measured by transcription of in3ammasome
network genes [87, 88]. Understanding BCG-induced
pathways of in3ammasome activation can be helpful in
improving the existing vaccine or developing new anti-
tuberculous vaccines. .e recombinant BCG ΔureC::hly
vaccine candidate (VPM1002) has been shown to induce
improved protection against TB over the parental BCG
strain [4]. Saiga et al. demonstrated that VPM1002 acti-
vated the AIM2 in3ammasome and caspase-1 through the
ability of listeriolysin to perforate phagosome membranes,
which is encoded by the hly gene integrated into BCG
genome [4]. .e perforation facilitates the release of my-
cobacterial DNA into the cytosol, in a way that is similar to
the ESX-1 system of M.tb. Mice vaccinated with VPM1002
showed increased production of IL-1β and IL-18 as well as
induction of the stimulator of IFN genes (STING)-
dependent autophagy, which promotes delivery of BCG
antigens to MHC molecules and improves their pre-
sentation to T-cells [4].

Apart from direct induction of proin3ammatory cyto-
kine secretion, the activated caspase-1 triggers the pyroptotic
death of infected cells. .e cytosolic protein Gasdermin D
(GSDMS) is a key mediator of this process. .e cleavage of
GSDMD by activated caspase-1 results in the release of its
N-terminal fragment (GSDMD-NT), which forms pores in
the plasma membrane of the infected cell leading to the
elimination of the pathogen [26, 89–91]. .e pores disrupt
cell membrane integrity allowing water in3ux, cell swelling,
and osmotic lysis together with an eNux of small molecules,
including proin3ammatory cytokines. GSDMD-NT is able
to kill both cell-free and intracellular microorganisms and
can be thought as a new antibacterial agent. However, it is
still not known whether GSDMD-NT is able to permeabilize
the membrane of the phagosomes and kill the bacteria
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hidden within these organelles. So far, there is no evidence of
such a function. It is probable that the inhibition of bacterial
growth ismediated by other caspase components. Using single-
cell analysis, .urston et al. demonstrated that the replica-
tion of cytosolic Salmonella typhimurium was inhibited
independently or prior to the onset of cell death, suggesting
that caspase-1 and caspase-11might have additional functions
in the elimination of cytosolic bacteria [92].

4. Therapeutics Targeting Inflammasome
Pathways

Biologic agents interfering with in3ammasome activation
may provide new means of therapeutical interventions for
many diseases. .ese agents may target either upstream
processes of in3ammasome regulation or downstream IL-1
signaling [41]. Inappropriate activity of in3ammasomes
has been found to be involved in the pathogenesis of
certain autoin3ammatory skin disorders such as cryopyrin-
associated periodic syndrome (CAPS) or familial Medi-
terranean fever (FMF) as well as a number of chronic
in3ammatory diseases such as multiple sclerosis, gouty
arthritis (gout), atherosclerosis, type 2 diabetes, and obesity
[29, 93, 94]. Moreover, mechanisms controlling the NLRP3
in3ammasome arrangement have also been implicated in
the development of lung, kidney, and liver diseases [95–97].
Colchicine, a drug used for treatment of gout, has been
shown to inhibit macrophage NLRP3 in3ammasome as-
sembly and activation in vitro and in vivo [98]. Colchicine
blocks monosodium urate crystal-induced NLRP3
in3ammasome-driven caspase-1 activation and IL-1β pro-
cessing and release, suppresses the expression of genes in-
volved in cell regulation, and inhibits IL-1-induced L-selectin
expression on neutrophils [99]. Other therapeutics that
target in3ammasome-driven end products include VX-765
(inhibitor of caspase-1 activation), Anakinra (recombinant
form of IL-1 receptor antagonist), Canakinumab (monoclonal
antibody against IL-1β), Rilonacept (IL-1 inhibitor), IL-18
binding protein, and anti-IL-18 receptors antibodies [8, 41, 100].
A number of newmolecules have been identi?ed as inhibitors
of IL-1β processing (glyburide, parthenolide, CRID3, aur-
ano?n, isoliquiritigenin, β-hydroxybutyrate, and MCC950);
however, con?rming their clinical utility will require addi-
tional time and research [24].

5. Conclusion

In3ammasomes have been implicated as specialized sig-
naling platforms critical for the regulation of both innate
immunity and in3ammation. M.tb has been shown to
modulate the host innate immune response by delaying cell
death systems of the host, thereby facilitating its own
proliferation. Understanding the molecular mechanisms of
in3ammasome activation during intracellular pathogen
infections such as with M.tb, and the evasive mechanisms
employed by this evading pathogen, may lead to devel-
opment of more potent therapies to combat the pro-
liferation of M.tb.
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Background: Polymorphisms in genes encoding cy-
tokines are known to determine susceptibility to My-
cobacterium tuberculosis (M.tb) infection. In particular, 
interleukin-18 (IL-18), an inducer of interferon-gamma 
(IFN-γ), playing an important role in anti-mycobacterial 
immune responses, may influence the risk of develop-
ing active tuberculosis (TB). Aim: A case-control study 
was performed to investigate whether two promoter 
polymorphisms of the IL-18 gene at positions -137G/A 
(rs187238) and -607A/C (rs1946518) affect the serum 
level of IL-18 and might be associated with genetic sus-
ceptibility to tuberculosis (TB) in the Polish population. 
Methods: Two IL-18 gene promoter SNPs were detected 
by an allele-specific polymerase chain reaction. Serum 
IL-18 levels were measured immunoenzymatically using 
Human Total IL-18 ELISA DuoSet (R&D). Results: A single-
gene analysis showed no differences either in allele or 
genotype frequencies of the studied SNPs between TB 
patients and healthy controls. No significant differences 
in the frequencies of any of the haplotypes between TB 
patients and healthy controls were found. None of the 
polymorphic variants of IL-18(-137G/A) or IL-18(-607A/C) 
SNP was associated with IL-18 producing capability. Con-
clusion: Our results suggest that IL-18(-137G/A) and IL-
18(-607A/C) polymorphisms may not be risk factors for 
susceptibility to TB in the Polish population. Increased 
serum IL-18 level observed in TB patients has no genetic 
background, but is a consequence of M.tb infection. Fur-
ther studies with a higher sample size are required to 
confirm these findings.
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INTRODUCTION

Interactions between cytokines and their influence 
on the activity of the human immune system remain an 
important subject of many scientific studies (Etna et al., 
2014; Sobti et al., 2011). Among the interlinking network 
of interactions between cytokines, one of the important 
nodes is interleukin 18, belonging to the family of inter-

leukin 1 and expressed by a range of inflammatory cell 
types. The protein, described for the first time in 1995 
and named “IFN-gamma inducing factor”, is a pleiotrop-
ic cytokine produced by various hematopoietic and non-
hematopoietic cells. IL-18 takes part in a number of re-
actions in the human body and has countless roles rang-
ing from its involvement in maintaining the homeostasis, 
through not always positive involvement in the devel-
opment of autoimmune diseases, to a significant role in 
the prevention of infectious diseases such as tuberculosis 
(TB) and many others (Akdis et al., 2016; Dinarello et al., 
2013; Wawrocki et al., 2016). Among numerous infec-
tious diseases, pulmonary tuberculosis has been a serious 
health concern for many years, despite the large-scale 
prophylactic vaccination with the BCG vaccine (Bacillus 
Calmette-Guérin) introduced in 1921. A significant prob-
lem regarding the incidence of TB is co-infection with 
the HIV virus and a successive increase in the frequency 
of isolation of multi-drug resistant TB (MDR-TB). Ac-
cording to the latest data from the World Health Organ-
ization, approximately 1.7 billion people in the world are 
infected with Mycobacterium tuberculosis (M.tb). These infec-
tions usually take a latent form, however, in at least 10% 
of cases they can transform into the active form of the 
disease. This problem is growing due to the increasing 
number of people with immunodeficiencies such as pa-
tients with autoimmune diseases and cancers, who take 
immunosuppressive drugs, as well as elderly people who, 
because of their age, are at a higher risk of reactivation 
of the latent M.tb infection. The interactions between 
mycobacteria and the human body at the molecular and 
cellular levels are still poorly understood. Recent studies 
demonstrated the existence of polymorphisms within the 
regulatory sequences of the interleukin 18 gene, which 
is located at chromosome 11q22.2-22.3 position and 
consists of five introns and six exons. More specifical-
ly, several differences in single nucleotides can alter the 
way transcription factors are joined, thereby influencing 
the expression and the immunological activity of IL-18. 
SNP-type mutations in the -607C/A (rs1946518) and 
-137G/C (rs187238) positions of the IL-18 promoter re-
gion seem to be particularly interesting due to the fact 
that a change from cytosine to adenine at position -607 
may negatively affect the transduction factor cAMP and 
activation of adenyl cyclase, while nucleotide change at 
position -137 involving the conversion of guanine into 
cytosine may influence the activity of the nuclear factor 
H4TF-1 and result in a potential decrease in gene ex-
pression (Giedraitis et al., 2001; Pawlik et al., 2009). As 
was shown, IL-18 deficiency increases the susceptibil-
ity to mycobacterial infection. Kinjo and others (Kinjo 
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et al., 2002) demonstrated that IL-18 knockout mice, 
characterized by attenuated production of IFN-γ, were 
more prone to M.tb infection than wild-type individu-
als. Therefore, genetic variations within the IL-18 gene 
might potentially predispose to the development of TB 
in humans through their influence on the expression of 
the cytokine and, subsequently, IFN-γ-mediated Th1 re-
sponse.

Single nucleotides polymorphisms (SNPs) in many 
cytokine-encoding genes are attributed to ethnicity and 
occur frequently in the Far East populations. Literature 
data on the occurrence of such SNPs among Caucasians 
is contradictory (Akdis et al., 2016; Giedraitis et al., 2001; 
Zhou et al., 2015). In our study, we tested the hypothesis 
whether two promoter polymorphisms of the IL-18 gene 
at positions -137G/A and -607A/C might contribute to 
TB susceptibility in the Polish population. We compared 
the allele and genotype frequencies of polymorphic vari-
ants between TB patients and healthy controls as well as 
assessed their serum concentration of IL-18.

MATERIALS AND METHODS

Study subjects. A study group consisted of 192 HIV-
negative adults vaccinated with M. bovis BCG including 
68 patients with pulmonary tuberculosis (37 males, 31 
females) aged 21–81 years hospitalized in the Regional 
Center Hospital for Tuberculosis, Lung Diseases and Re-
habilitation in Lodz, Poland and 124 healthy volunteers 
(38 males, 86 females) aged 18–84 years, who had never 
had tuberculosis. TB diagnosis was established by Ziehl-
Neelsen staining of sputum smears and M.tb culture as 
well as chest radiography and standard clinical examina-
tion by infectious disease consultants. All subjects had 
given written informed consent to participate in the 
study, which was approved by the ethics committee. 
Blood samples obtained from the volunteers were used 
for DNA isolation and assessment of polymorphisms in 
the promoter region of the IL-18 gene, whereas serum 
was used to assess the level of IL-18 protein.

DNA isolation. Genetic material was isolated from 2 
ml of peripheral blood obtained from all volunteers us-
ing EDTA tubes and the BD Vacutainer® Blood Col-
lection system. DNA isolation was based on the use of 
a commercial QIAamp® DNA Blood Mini set and was 
carried out from the buffy coat obtained after centrifu-
gation (150 × g, 4°C, 10 min). The isolation process was 
fully compliant with the manufacturer’s guidelines en-
closed in the kit’s instructions and carried out within 
no more than 2 hours from the collection of the blood 
sample. The extracted DNA was stored at –80°C until 
analyzed.

Quantification of serum IL-18 level. Serum in a 
volume of approximately 1 ml was obtained from sub-
jects using BD Vacutainer® Blood Collection system 
tubes and was used for evaluation of IL-18 protein level 
by Human Total IL-18 DuoSet ELISA (R&D) according 
to the manufacturer’s instructions.

IL-18 SNPs genotyping. Polymerase chain reac-
tions (PCRs) were performed using the primers for 2 
promoter SNPs: rs187238 (-137G/A) and rs1946518 
(-607A/C). For -137G/A SNP: 5’-CCCCAACGGAA-
GCTTTTAAAAAG-3’ (-137G allele-specific), 5’-CC-
CCAACGGAAGCTTTTAAAAAC-3’ (-137A allele-
specific) and 5’-AGGAGGTGCGCAAAAACTGG-3’ 
(common reverse) primers were used to amplify a 
261-bp product. A control primer 5’-CCAATACTGG-
GAATTATTCCGCA-3 ‘ and the same common re-

verse primer were used to yield a 446-bp product as 
an internal positive amplification control (Fig. 1A). For 
-607A/C SNP: 5’-GTTGAAGCAAGTGTAATTAT-
TAAAAA-3’ (-607A allele-specific), 5’-GCAGAAGT-
TAGTGTAAAAATTATTAC-3’ (-607C allele-specific) 
and 5’-CCTTAACATCTTGGATCACC-3 ‘ (common 
reverse) primers were used to amplify a 196-bp product. 
A control primer 5’-CTTTGCCATTATTCCAGGAA-3’ 
and the same common reverse primer were used to yield 
a 301-bp product as an internal positive amplification 
control (Fig. 1B) (Giedraitis, 2001). Reactions were per-
formed in a Biometra PCR thermocycler using Bio-Rad 
reagents including iProof™ High-Fidelity DNA Poly-
merase. At the first step, denaturation was performed 
for 2 min at 94°C, followed by seven cycles of 94°C for 
20s, 64°C for 40s and 72°C for 40s and after that 25 
cycles of 94°C for 20s, 57°C for 40s, 72°C for 40 s. The 
PCR products were visualized by electrophoresis in a 2% 
agarose gel stained with ethidium bromide using a docu-
mentation system Gel Doc 2000 (Bio-Rad).

Statistical analysis. Statistical analyses were done us-
ing Statistica 13.0 PL software (StatSoft, Poland). Hardy-
Weinberg equilibrium (HWE) was tested using a web-
based program (http://ihg2.helmholtz-muenchen.de/
cgi-bin/hw/hwa1.pl). Differences in allelic and genotypic 
frequencies between TB patients and healthy volunteers 
were compared by Pearson’s chi-square test or two-tailed 
Fisher’s exact tests when analyzing frequencies were 
lower than five to determine statistically significant dif-
ferences between the studied groups. Odds ratios (OR) 
with the respective 95% confidence intervals (95% CI) 

Figure 1. PCR products of -137G/A (A) and -607A/C (B) SNPs 
visualized under UV light after staining with ethidium bromide. 
The electrophoresis was done on 2% agarose gel at 5 volt/cm for 
2 hours. Lane 1: DNA molecular weight marker, lanes 2–6: sam-
ples.
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were also calculated. Probability values of 0.05 or less 
were regarded as statistically significant. Differences in 
serum IL-18 levels were analyzed using the Mann-Whit-
ney U-test. The logistic regression analysis done for the 
important main and interaction effects was performed 
using the SNPstats software (http://bioinfo.iconcologia.
net/SNPstats).

RESULTS

Genotype and allele distribution of polymorphisms 
in the  IL-18  promoter region among TB patients and 
healthy controls

The distribution of IL-18-(137G/A)or IL-18(-607A/C) 
genotypes in TB and HC groups is shown in Tables 1 
and 2. There was no evidence to reject the Hardy-Wein-
berg equilibrium (HWE) hypothesis in both TB and HC 
groups at the standard significance level of 0.05.

The dominant homozygous G/G IL-18(-137G/C) 
genotype was the most frequent among the studied 
groups occurring in 47% (32/68) TB patients and 48% 
(60/124) healthy volunteers (Table 2). The frequency 
of G/C IL-18(-137G/C) genotype in the groups under 
study was also similar, at 43% (29/43) among TB and 
42% (52/124) among HC subjects. The C/CIL-18(-

137G/C) genotype was equally uncommon (10%) in TB 
and HC individuals (Table 1).

Similarly to IL-18(-137G/C) genotypes, IL-18(-
607C/A) gene variants were comparatively distributed 
among TB and HC groups (Table 2). The heterozy-
gous C/A IL-18(-607C/A) genotype was found in 51% 
(35/67) patients with TB and 54% (67/124) healthy con-
trols, whereas C/C IL-18(-607C/A) homozygosity oc-
curred in 40% (27/68) TB patients and 34% (42/124) 
healthy individuals. The least frequent genotype was the 
A/A IL-18(-607C/A) variant (Table 2).

Haplotype frequencies analysis

A pair-wise nucleotide analysis revealed no significant 
differences in the frequencies of four haplotypes be-
tween TB patients and healthy controls (Table 3). The 
“CG” haplotype was the most common in both studied 
groups, occurring in 60.6% of TB patients and 57.6% of 
healthy controls. The rarest “CC” haplotype was found 
in 4.8% of TB patients and 3.2% of healthy individuals 
(Table 3).

Effect of IL-18 gene polymorphism on serum IL-18 level

Statistical analysis of the serum IL-18 levels in the 
studied groups showed a significantly higher concentra-
tion of IL-18 among TB patients (880.2±1079.1 pg/
ml) compared to healthy controls (467.4±462.4 pg/ml) 

Table 1. Distribution of alleles and genotypes of the -137G/C polymorphism in the IL-18 gene

-137G/C TB
n=68

HC
n=124 OR (95% CI) p

Allele
G 93 (68%) 172 (69%)

0.96 (0.61–1.50) 0.84
C 43 (32%) 76 (31%)

Genotype

G/G 32 (47%) 60 (48%) 1 0.86

G/C 29 (43%) 52 (42%) 1.05 (0.56–1.95) 0.92

C/C 7 (10%) 12 (10%) 1.09 (0.39–3.05) 0.89

pHWE 1.00 0.84

Table 2. Distribution of alleles and genotypes of the -607C/A polymorphism in the IL-18 gene

-607C/A TB
n=68

HC
n=124 OR (95% CI) p

Allele
C 89 (65%) 151 (61%)

1.22 (0.78–1.88) 0.37
A 47 (35%) 97 (39%)

Genotype

C/C 27 (40%) 42 (34%) 1 0.42

C/A 35 (51%) 67 (54%) 0.81 (0.43–1.53) 0.73

A/A 6 (9%) 15 (12%) 0.62 (0.21–1.80) 0.48

pHWE 0.42 0.19

Table 3. Results of the IL-18 haplotype analysis in the studied population.

Haplotype

IL-18 SNP Haplotype statistics

-607C/A -137G/C
Frequency (%)

OR (95% CI) p-value
Total TB patients Healthy controls

1 C G 58.7 60.6 57.6 1.00 –

2 A C 27.2 26.8 27.4 0.89 (0.54-1.47) 0.65

3 A G 10.3 7.7 11.6 0.58 (0.25-1.34) 0.20

4 C C 3.8 4.8 3.2 1.44 (0.45-4.58) 0.54

http://bioinfo.iconcologia.net/SNPstats
http://bioinfo.iconcologia.net/SNPstats
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(p < 0001). Our results showed higher IL-18 levels in 
the sera from homozygous -137C/C and -607A/A car-
riers from both groups when compared to the concen-
trations in the sera from the other individuals, however, 
the observed differences were not statistically significant 
(p > 0.05) (Table 4).

DISCUSSION

Most of the scientific reports in the past focused 
mainly on pathogen-host interactions, attributing an in-
crease in susceptibility to the misfortune and unique 
features of the pathogen. Genetic factors and predisposi-
tions were closely related only to such diseases as cancer 
and cardiovascular diseases, and no one linked them to 
infectious diseases. Today, we know that these assump-
tions were not correct, studies from the late ‘80s clearly 
showed that the genetic background can be even more 
important in the development of infectious diseases than 
in the cardiovascular disabilities (Möller & Hoal, 2010).

The best way to determine human susceptibility to 
infectious diseases is a comprehensive analysis of the 
genome through a large-scale sequencing of the genetic 
material from many cases and controls. This method has 
many advantages and allows tracing any potential muta-
tions and genetic changes affecting the incidence of dis-
ease. However, this approach has also many drawbacks 
such as high cost and potential difficulties in analyzing 
a huge amount of data representative for all the world’s 
populations (Möller & Hoal, 2010; Hirschhorn & Daly, 
2005).

After finding the evidence for linking the selected ge-
nome region to the susceptibility to the disease, genetic 
and physical maps are created based on the case stud-
ied to narrow the chromosome interval and allow gene 
identification or positional cloning in complex diseases 
where the function of the involved gene is not exactly 
known nor well described. In the case of pulmonary TB, 
recent linkage studies described many chromosomal re-
gions which contain some genetic variations that affect 
the susceptibility of specific populations to the disease. 
This is worth emphasizing because the research units 
were most often able to find the characteristic variations 
only for a given group. Valuable scientific research and 
literature reports concerning susceptibility to pulmonary 
TB include: study on the population of Gambia and 
South Africa indicating the chromosome regions 15q 
and Xq described by Bellamy and others in 2000 (Bella-
my et al., 2000), analysis of patients from Morocco and 
the 8q12-q13 chromosomal region described by Bagh-

dadi and others in 2006 (Baghdadi et al., 2006) or the 
Thai population described by Mahasirimongkol in 2009 
(Mahasirimongkol, 2009) with the 5q23.2-q31.3 region 
and many others. These experiments were also based on 
the evaluation of many other parameters and diagnostic 
tests. What is worth pointing out is the fact that all the 
mentioned research papers described different regions of 
the human genome. The observed lack of similarity in 
the occurrence of susceptibility regions in these studies is 
probably due to the combination of many factors. More-
over, the sought-after genetic markers of susceptibility to 
TB are unique to a specific family or population, making 
them impossible to be confirmed in the studies on other 
populations. This confirms the thesis that this type of 
approach is possible only through a large financial out-
lay and examination of a very large group consisting of 
TB patients and healthy controls from numerous popu-
lations. Therefore, it seems more practical to focus on 
one selected gene whose expression corresponds, for ex-
ample, to the production of a selected cytokine or which 
is known for its involvement in the development of the 
studied disease such as TB. This approach allows the as-
sessment of susceptibility and focusing only on the key 
elements associated with the development of disease and 
immunity. A significant role is played by the occurrence 
of SNP-type mutations in genes of cytokines directly 
related to the development of TB. IFN-γ, encoded by 
the IFNG gene, is secreted by Th1 cells as the main cy-
tokine, which activates macrophages and is critical for 
controlling the development of M.tb infection. Epidemi-
ological studies, including extensive meta-analysis, sug-
gest links between IFNG polymorphism at +874 T/A 
(rs2430561) position and TB development. IFNG poly-
morphism is the most common studied polymorphism 
in terms of TB susceptibility, sites, and severity, howev-
er, those associations are still the subject of research due 
to population differences (Baghdadi et al., 2006; Bellamy 
et al., 2000; Hashemi et al., 2011; Mahasirimongkol et al., 
2006; Shen et al., 2017; Wei et al., 2017). Other cytokine 
polymorphisms determining the outcome of M.tb infec-
tion are located in genes encoding TNF-α (-308G/A, 
-863C/A, -857C/T and -238G/A), IL-12 (641A/G, 
684C/T, 1094T/C, and 1132G/C) and IL-10 (-1082G/
A, -819T/C, and -592A/C) (Fol et al., 2015; Han et al., 
2011; Kim et al., 2012; Liang et al., 2014; Yi et al., 2015). 
In our study, we assessed the frequency of two polymor-
phic variants (-137G/C and -607C/A) in the promot-
er of gene encoding IL-18, the most powerful inducer 
of IFN-γ. The polymorphism at position -137 was de-
scribed by Giedraitis and others in 2001 (Giedraitis et al., 

Table 4. Effect of IL-18 gene promoter -137G/C and -607C/A polymorphisms on serum IL-18 level.

SNP
IL-18 [pg/ml]

pTB
n=68

HC
n=124

IL-18 -137G/C

Genotype

G/G 835.3±1321.3 434.7±318.4 p=0.02

G/C 874.3±618.2 477.9±572.8 p<0.001

C/C 1100.3±1458.0 584.9±551.9 p=0.43

IL-18-607C/A

Genotype

C/C 901.1±1429.2 434.2±296.0 p=0.03

C/A 822.5±762.5 415.0±329.1 p<0.001

A/A 1123.0±964.1 793.9±990.5 p=0.30

http://M.tb
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2001), who showed that the occurrence of dominant ho-
mozygous genotypes resulted in an increase in TB inci-
dence up to 1.6 times. Our observations did not confirm 
these results. Although the dominant homozygous IL-18-
137G/G genotype was the most frequent in the whole 
population, there was no difference in the frequency of 
the genotype occurrence among TB patients (47%) and 
healthy controls (48%). Interestingly, the percentage of 
the IL-18-137G allele in the Polish population (68.5%) 
was found to be lower than that in the Chinese Han 
population (86%). The diversity of the allele distribution 
may partially explain the differences in TB susceptibil-
ity between races. Two other polymorphic variants – IL-
18-137G/C and IL-18-137C/C were distributed simi-
larly among the studied groups of Poles. All these data 
suggest that IL-18(-137G/C) SNP does not contribute 
to TB susceptibility in the Polish population. Similarly, 
the results by Zhou and others (Zhou et al., 2015) did 
not show any significant differences in the distribution 
of the C/C(-137G/C) genotype, however, the frequency 
of the G/G(-137G/C) genotype among the Chinese was 
significantly higher in the TB group than in the healthy 
control group. The authors suggested that the IL-18-
137G allele might be a predisposing gene of TB, while 
the IL-18-137C allele played a role in preventing M.tb 
infection. The explanation for these discrepancies is dif-
ficult to find. Identified cytokine polymorphisms might 
be population-specific and associated with the resistance 
to mycobacterial infection in some but not all world’s 
populations suggesting that they may serve as markers of 
TB susceptibility only in specific ethnic groups (Delgado 
et al., 2002; Zhou et al., 2015).

In our study, neither genotypes nor allele frequencies 
of IL-18(-607C/A) SNP showed differences between TB 
patients and healthy controls. These observations are 
consistent with the results obtained by Harishankar and 
others, Taheri and others and Zhou and others in the 
South India, Southeast Iran, and Chinese Han popula-
tions (Harishankar et al., 2007; Taheri et al., 2012; Zhou 
et al., 2015). The proportion of the IL-18-607C allele in 
the Polish population (63%) is similar to that observed 
among the Iranians (58.8%) or the Chinese (53.3%).

To assess the effects of the IL-18 gene promoter 
SNPs on the expression of IL-18 protein and, conse-
quently, on TB susceptibility, we measured IL-18 levels 
in the sera from the studied individuals. Our data did 
not confirm any effect of either IL-18-(137G/C) or IL-
18(-607C/A) polymorphisms on IL-18 producing capa-
bility. Serum levels of IL-18 from each of the carriers 
were similar, however, in the group of TB patients, the 
observed concentrations of the cytokine were significant-
ly higher than those measured for the controls. It indi-
cates that the increase in the serum IL-18 level observed 
in TB patients has no genetic background, but is proba-
bly a consequence of M.tb infection. Lack of association 
between serum IL-18 concentrations and the IL-18 gen-
otype was also observed by Evans and others (Evans et 
al., 2007). On the contrary, Zhouand others (Zhou et al., 
2015) demonstrated that IL-18-137G/C polymorphism 
influenced the production of IL-18 by peripheral blood 
mononuclear cells (PBMCs) and showed that PBMCs 
from IL-18-137C/C individuals produced higher levels 
of IL-18 than those with the IL-18-137G/G genotype. 
Several studies also reported that alleles of the IL-18(-
607C/A) SNP are associated with different promoter ac-
tivity of the IL-18 gene (Sivalingam et al., 2003; Takada 
et al., 2002). An example of such research is the study by 
Takada and co-workers, who demonstrated that in the 
Japanese population the C allele was correlated with the 

greater transcriptional activity of the IL-18 promoter re-
sulting in the higher expression of IL-18 (Takada et al., 
2002). However, our results are contradictory to those 
reporting such a relationship. The discrepancies could 
be due to many reasons. First of all, a low sample size 
of our study could have resulted in the limited power 
of detection of the studied genetic effect. Secondly, it is 
possible that the studied SNPs do not determine disease 
susceptibility directly, but are in linkage disequilibrium 
with other functional but so far unknown alleles. Finally, 
the differences in SNP-associated susceptibility may be 
ethnicity-related and present in specific populations all 
over the world.

In summary, our results suggest that IL-18(-137G/A) 
and IL-18(-607A/C) polymorphisms may not be the risk 
factors for susceptibility to TB in the Polish popula-
tion. It will be utmost interesting to validate these find-
ings with a higher sample size and to perform functional 
studies assessing the transcriptional activity of the IL-18 
gene.
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Abstract

Background

Currently, there are serious limitations in the direct diagnosis of active tuberculosis (ATB).

We evaluated the levels of the IL-18/IL-37/IP-10 signalling complex proteins in Mycobacte-

rium tuberculosis (M.tb)-specific antigen-stimulated QuantiFERON®Gold In-Tube (QFT)

cultures and in serum samples from ATB patients, healthy individuals with latent M.tb infec-

tion (LTBI) and healthy controls (HC) to examine whether combined analyses of these pro-

teins were useful in the differentiation of M.tb states.

Methods

The concentrations of IL-18, IL-18BP, IFN-γ, IL-37 and IP-10 in the serum and QFT super-

natants were measured using specific enzyme-linked immunosorbent assay (ELISA) kits.

Free IL-18 levels were calculated using the law of mass action.

Results

Increased concentrations of total and free IL-18, IL-18BP, IFN-γ and IP-10 in the sera of

ATB patients were detected. These increases were not counterbalanced by the overproduc-

tion of IL-37. Complex co-expression of serum IL-18BP and IL-37, IP-10 and IFN-γ was

identified as the highest discriminative biomarker set for the diagnosis of ATB.

Conclusions

Our results suggest that the IL-18 signalling complex might be exploited by M. tuberculosis

to expand the clinical manifestations of pulmonary TB. Therefore, direct analysis of the

serum components of the IL-18/IL-37 signalling complex and IP-10 may be applicable in

designing novel diagnostic tests for ATB.
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Introduction

Tuberculosis (TB) affects approximately 10 million people causing 2 million deaths annually [1].

Approximately 1/3 of the human population is infected with Mycobacterium tuberculosis (M.tb),

the causative agent of TB, and 5–10% of this population develop active tuberculosis (ATB) dis-

ease during their lifetime. The remaining 90–95% of individuals mount an immune response

and develop latent tuberculosis infection (LTBI) [2]. TB is predominantly a disease of the lungs

and the transmission of M.tb bacilli occurs through airborne granulomatous particles released

into the air by individuals suffering from pulmonary ATB. Tuberculous granulomas are formed

in infected lungs and are aggregates of macrophages surrounded by a lymphocyte marginal

zone that encloses the infecting mycobacteria [3]. M.tb persists in a dormant state inside macro-

phages for long periods of time. The immune status of the host’s macrophages and T cells and

the activation of cytokines, primarily IFN-γ, control the granuloma structure and M.tb replica-

tion in asymptomatic LTBI. Due to an unpredictable reason, the bacilli reactivate in 5–10% of

LTBI subjects, and caseous granulomas develop and initiate a clinical disease and the spread of

virulent bacilli in the environment. The risk of progression from LTBI to active TB may be

increased by some factors such as HIV infection, chronic renal failure, diabetes, organ transplan-

tation or therapy using tumor necrosis factor-alpha blockers. The identification of M.tb-infected

individuals and the appropriate treating those who develop ATB and preventing those with an

increased risk of TB progression are undoubtedly crucial for effective TB control. Currently,

there are limitations in the direct ATB detection via the microscopic visualization of acid-fast

bacteria in the sputum and observation of M.tb growth in long-term cultures. Interferon-

gamma release assays (IGRAs) are used to diagnose LTBI. These tests measure the release of

IFN-γ in response to M.tb-specific antigens in whole blood cultures. However, IGRAs in combi-

nation with tuberculin skin tests are not sufficiently accurate to diagnose ATB [1,4]. To satisfy

the demand for rapid and accurate TB diagnostic tests, we performed analyses of several classifi-

cation algorithms to rank proteins of the IL-18/IL-37/IP-10 signalling complex according to

their usefulness in the differentiation of M.tb infection states. Progression towards tuberculosis

disease correlates with the loss of organization in the granulomas [5]. The immunological and

inflammatory environments of granulomas change due to the recirculation of immune cells and

the release of cytokines that reach the periphery. Therefore, evaluations of cytokine/chemokine

profiles in the blood are promising for the differentiation of infectious states in TB [6–8].

The cytokine IL-18 is implicated in the protective and pathological processes of M.tb infec-

tion [9–11]. The activity of IL-18 occurs via an IL-18 binding receptor (IL-18R) complex

formed by two chains: a ligand-binding alpha chain (IL-18Rα), and a beta chain (IL-18Rβ),

which is responsible for the induction of a proinflammatory signal [12]. The formation of an

IL-18Rα/IL-18Rβ heterodimer triggers the signalling cascade that leads to activation of the

transcription factor NF-κβ [13]. The excessive inflammatory signalling of IL-18 is reduced by

a constitutively secreted IL-18 binding protein (IL-18BP), which neutralizes circulating IL-18

to lower free IL-18 compared to total IL-18 levels. Therefore, the production of IFN-γ and

other proinflammatory cytokines is reduced [14]. IL-18BP also shows a high affinity for IL-37,

which is an inhibitor of the innate inflammatory responses involved in curbing excessive

inflammation [15,16]. After binding to IL-18BP, IL-37 subsequently binds IL-18Rβ, which

inhibits the proinflammatory activity of IL-18 [17,18]. We performed a combined analysis of

the proteins, free and total IL-18, IL-18BP, IL-37, IFN-γ in QFT supernatants and directly in

serum samples from pulmonary TB patients and healthy individuals with or without latent M.

tb infection to identify new markers for the diagnosis of ATB. In parallel with the proteins’

analysis, we measured serum IFN-γ-inducible protein 10 (IP-10/CXCL10) levels, a chemokine

mediating leukocyte recruitment and activation.
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Materials and methods

Study population

A total population of 238 M. bovis Bacillus Calmette-Guerin (BCG)-vaccinated adults of both

genders, 18–81 years of age, was enrolled in the present study. All participants were unrelated

Poles who signed a formal written consent for the use of their blood for research purposes.

The study protocol complied with the most recent Declaration of Helsinki, and the Ethics

Committee of the University in Lodz, Poland approved the protocol. The study cohort

included 95 patients with active pulmonary TB (ATB), which was microbiologically confirmed

(51) or not confirmed (44) in a triple sputum culture. They were recruited from the Regional

Specialised Hospital of Tuberculosis, Lung Diseases and Rehabilitation in Tuszyn, Poland. A

full history was taken from all patients, and experienced physicians completed general and

clinical examinations. The final diagnosis was based on the clinical symptoms, a chest X-ray

image, microscopic and microbiological evaluations of sputum samples and a proper response

to anti-tuberculous treatment. Blood samples were taken prior to the start of therapy. Healthy

individuals (143) entering the study were classified as M.tb-infected (LTBI) (52) or M.tb-unin-

fected (91) based on the interferon-gamma release assay results (QuantiFERON-TB Gold Plus;

QFT). None of the healthy volunteers had a history of TB.

The age, sex, BCG vaccination status as well as tuberculin skin test (TST) and QFT results

of the study participants are summarized in Table 1. The group of the study comprised 95

patients diagnosed with active pulmonary TB (ATB), microbiologically confirmed (51) or not

confirmed (44) by a triple sputum culture, 52 individuals without TB history, who were

latently infected with M.tb (LTBI), and 91 healthy controls without M.tb infection (HC). There

were no significant differences between studied groups regarding age or BCG vaccination rate.

The proportion of men in the ATB group (56%) was significantly higher than in LTBI (31%)

and HC (31%) groups (p<0.05). Fifty one (54%) ATB patients had a positive sputum culture

for M.tb. Forty four (46%) M.tb culture negative patients were diagnosed on the basis of clini-

cal manifestations, typical features’ on chest radiographs and proper response to anti-tubercu-

lous treatment. Fifty-five % of ATB patients exhibited a positive TST result with an induration

diameter of more than 10 mm, whereas a positive QFT result was found in 61% of individuals

from this group. Both subgroups of ATB patients were characterized by a similar proportion

of TST-positive and QFT-positive results. Nine out of 95 (9%) ATB patients had a history of

healed pulmonary TB. Six percent of ATB patients suffered from diabetes or chronic renal fail-

ure, whereas cardiovascular or neurological diseases were diagnosed in 15% and 3% patients,

respectively.

Blood samples

A 5-ml volume of venous blood samples was used to prepare the sera and perform a Quanti-

FERON-TB1 Gold Plus test (QFT, Qiagen, Hilden, Germany). Blood was collected in four

1-ml tubes (Nil control, TB antigen-specific 1 (TB1), TB antigen-specific 2 (TB2), Mitogen

control), and IFN-γ levels in the supernatants were measured immunoenzymatically after a

24-hour incubation.

IL-18, IL-18BP, IL-37, IFN-γ, IP-10 estimation and calculation of free IL-18

The concentrations of IL-18, IL-18BP and IL-37 in the sera and QFT cell-free culture superna-

tants were determined using commercially available specific ELISA kits: Human Total IL-18

DuoSet ELISA (R&D, Minneapolis, USA), Human IL-18BPa DuoSet ELISA (R&D) and

Human IL-37/IL-1F7 Duoset ELISA (R&D). IFN-γ and IP-10 concentrations in sera were

IL-18/IL-37/IP-10 signalling complex in TB
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assessed using Human IFN-γ Duoset ELISA (R&D) and Human IP-10 Duoset ELISA (R&D).

The law of mass action was used to calculate the level of free IL-18 [19]. It is known that one

IL-18BP molecule binds a single molecule of IL-18, and this interaction has a dissociation

constant (Kd) of 0.4 nM. Therefore, the level of free IL-18 was calculated from the equation

x = (-b±(b2-4ac)1/2)/2a, where x is [IL-18free], b is = [IL-18BP]–[IL-18] + Kd, and c is -Kd�IL-

18][13,19,20]. The levels of the studied proteins in the QFT supernatants were calculated after

subtraction of baseline levels obtained from NIL tube.

Statistical analyses

Statistical analyses were performed using Statistica 12 PL (Statsoft, Poland). Comparisons of

the frequencies were tested using the χ2 or Fisher’s exact test. Differences in the levels of the

studied proteins were analysed using the non-parametric Kruskal-Wallis test. Differences with

p< 0.05 were considered statistically significant.

Target statistical and machine-learning methods were used as implemented in R. ‘pROC’,

‘ROCR’ packages as well as custom codes (available upon request) were used in the ROC anal-

ysis. For the classical analysis of association between levels of expression of single proteins and

Table 1. Characteristics of the study participants.

ATB LTBI HC

N 95 52 91

Ethnicity Caucasians Caucasians Caucasians

Country of origin Poland Poland Poland

Sex, N (%)

Men 53 (56%) 16 (31%)a 28 (31%)b

Women 42 (44%) 36 (69%) 63 (69%)

Age

Median 51 52 41

range 19–81 20–81 18–75

years (IQR) 33–63 41–56 33–52

BCG vaccination, N (%) 95 (100%) 52 (100%) 91 (100%)

TST induration diameter (mm)

median 12

range 0–35

TST result, N (%) n.d n.d

positive 52 (55%)

negative 43 (45%)

QFT result, N (%)

positive 58 (61%) 52 (100%) 0 (0%)

negative 37 (39%) 0 (0%) 91 (100%)

M.tb culture

positive 51 (54%) n.d n.d

negative 44 (46%)

History of healed ATB 9 (9%) 0 (100%) 0 (100%)

Abbreviations: ATB–active tuberculosis, HC- healthy controls, LTBI–latent M.tb infection, BCG–Bacillus Calmette-Guerin, QFT–QuantiFERON TB Gold Plus, TST-

tuberculin skin test, IQR—interquartile range, n.d–not determined.

There was a significant difference among studied groups
amale LTBI vs ATB (p<0.05) and
bmale HC vs ATB (p<0.05) (χ2 test).

https://doi.org/10.1371/journal.pone.0225556.t001
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protein ratios logistic regression was used in order to make the comparison of performance of

single markers to all available markers (full logistic model) ’fair’. The AUC values were esti-

mated via 5-fold cross-validation and based on at least 500 bootstrap replicates. The Random

Forest algorithm was used as implemented in the ‘randomForest’ package. Pearson’s correla-

tion coefficient was used for co-expression analyses. For the network analysis, the custom R

code was used (available upon request), and data discretization for the estimation of Renyi

divergence was performed using the ‘infotheo’ and ‘equalfreq’ options. The t-SNE algorithm

was used as implemented in ‘Rtsne’. The ordinal elastic-net algorithm was applied as imple-

mented in ‘ordinalNet’.

Results

Serum IL-18, IL-18BP, IL-37, IFN-γ and IP-10 levels in the studied groups

The concentration of total IL-18 in the sera from the ATB patients (median (Me) 568.1 (IQR

371.9, 980.3) pg/ml) was significantly higher than those found in the LTBI (Me 261.6 (IQR

109.3, 492.3) pg/ml) and HC (Me 283.1 (IQR 177.5, 441.4) pg/ml) groups (p<0.001) (Fig 1A).

Total IL-18 levels were increased in both culture-positive (Me 719.5 (IQR 416.3, 1146.0) pg/

ml) and culture-negative (Me 444.2 (IQR 305.8, 828.1) pg/ml) ATB patients (data not shown).

Similarly to the total IL-18 level, the serum concentration of IL-18BP was significantly higher

in ATB patients (Me 43.5 (IQR 31.7, 60.4) ng/ml, culture-positive (Me 44.9 (IQR 32.5, 59.3)

ng/ml, culture-negative (Me 43.4 (IQR 27.8, 77.2) ng/ml) than in LTBI (Me 28.8 (IQR 21.1,

42.8) ng/ml; p<0.001) or HC (Me 32.7 (IQR 22.7, 43.7) ng/ml; p<0.001) groups (Fig 1B).

The serum concentration of free IL-18 calculated from IL-18 and IL-18BP levels was signifi-

cantly higher in ATB patients (Me 5.5 (IQR 3.0, 10.5) pg/ml; culture-positive (Me 5.5 (IQR 3.7,

10.9) pg/ml, culture-negative (Me 3.6 (IQR 2.1, 8.3) pg/ml) than LTBI (Me 3.6 (IQR 1.7, 5.5)

Fig 1. Serum levels of total and free IL-18, IL-18BP, IL-37, IFN-γ and IP-10 in the groups of the study. Boxplots with median (horizontal line within the box),

interquartile range (box limits), and extremes (whiskers) of serum levels of total IL-18 (A), IL-18BP (B), free IL-18 (C), IL-37 (D), IFN-γ (E) and IP-10 (F) in the groups

of patients with active tuberculosis (ATB) and latent M.tb infection (LTBI) and healthy controls (HC).

https://doi.org/10.1371/journal.pone.0225556.g001

IL-18/IL-37/IP-10 signalling complex in TB

PLOS ONE | https://doi.org/10.1371/journal.pone.0225556 December 10, 2019 5 / 19



pg/ml; p = 0.012) or HC (Me 4.0 (IQR 2.1, 6.5) pg/ml; p = 0.036) groups (Fig 1C). In contrast,

the serum concentrations of IL-37 were similar among studied groups: ATB (Me 102.6 (IQR

12.6, 236.6) pg/ml, LTBI (Me 78.4 (IQR 23.3, 323.3) pg/ml, HC (Me 103.5 (IQR 9.8, 357.3) pg/

ml (Fig 1D). On the other hand, the level of IFN-γ, in the ATB patients’ sera was significantly

higher (Me 6.7 (IQR 3.5, 15.0) pg/ml; culture-positive (Me 8.8 (IQR 4.8, 20.4) pg/ml, culture-

negative (Me 5.7 (IQR 3.2, 12.2) pg/ml) than that observed in the LTBI (Me 5.0 (IQR 3.3, 7.5)

pg/ml; p = 0.049) or HC (Me 5.7 (IQR 3.0, 8.4) pg/ml; p = 0.002) individuals (Fig 1E). As

shown in Fig 1F, the serum level of IP-10 was significantly higher in the ATB group (Me 43.5

(IQR 19.9, 75.7) pg/ml; culture-positive (Me 49.3 (IQR 27.4, 83.9) pg/ml, culture-negative (Me

35.8 (IQR 13.6, 57.2) pg/ml) than in the groups of LTBI (Me 13.7 (IQR 8.2, 28.0) pg/ml) and

HC (Me 14.0 (IQR 7.8, 25.3) pg/ml) (p<0.001). There were no significant differences in the

serum levels of the total IL-18, IL-18BP, free IL-18, IL-37, IFN-γ and IP-10 between ATB

patients with positive or negative QFT and TST results (Fig 2A–2F).

Analysis of the area under the ROC revealed that the full logistic model resulted in an

AUC = 0.82 (CI = (0.82; 0.83)) for the HC vs. ATB comparison, an AUC = 0.65 (CI = (0.61;

0.70)) for HC vs. LTBI, and an AUC = 0.79 (CI = (0.73; 0.80)) for LTBI vs. ATB. Table 2 shows

the AUCs for individual proteins.

The analysis of dependence between the levels of all proteins revealed certain correlations,

that were specific for two groups of the study (IL-18BP and IP-10 as well as IL-18 and IL-18BP

for ATB and LTBI) and some relationships specific only for certain study groups (e.g. IL-18

and IL-37 or il-18 and IP-10 for HC, IL-18 and IFN-γ or IFN-γ and IP-10 for ATB, and no cor-

relation specific for LTBI) (Table 3).

Fig 2. Serum levels of total IL-18, IL-18BP, free IL-18, IL-37, IP-10 and IFN-γ versus QFT/TST results. Boxplots with median (horizontal line within the box),

interquartile range (box limits), and extremes (whiskers) of serum levels of total IL-18 (A), IL-18BP (B), free IL-18 (C), IL-37 (D), IFN-γ (E) and IP-10 (F) in the group

of active tuberculosis patients with positive or negative QuantiFERON (QFT) and tuberculin skin test (TST) results.

https://doi.org/10.1371/journal.pone.0225556.g002

IL-18/IL-37/IP-10 signalling complex in TB

PLOS ONE | https://doi.org/10.1371/journal.pone.0225556 December 10, 2019 6 / 19



M.tb antigens–stimulated IL-18, IL-18BP, IL-37 and IFN-γ levels in QFT

supernatants

As shown in Fig 3A, the M.tb antigens-stimulated levels of total IL-18 were significantly

increased in the patients with ATB (Me 765.5 (IQR 431.6, 1122.0) pg/ml, culture-positive (Me

810.0 (IQR 440.4, 1142.0) pg/ml, culture-negative (Me 734.0 (IQR 403.7, 1131.0) pg/ml) com-

pared to those of the LTBI (Me 445.7 (IQR 29.6, 656.1) pg/ml; p<0.001) or the HC group (Me

397.5 (IQR 222.8, 511.6) pg/ml; p<0.001). The level of IL-18BP was significantly higher

(p<0.001) in ATB patients (Me 43.1 (IQR 32.5, 63.8) ng/ml) than HC (Me 32.2 (IQR 18.5,

50.9) ng/ml) (Fig 3B). There were no significant differences in the levels of free IL-18 or IL-37

in the QFT supernatants among studied groups (Fig 3C and 3D). The IFN-γ concentration in

QFT supernatants was significantly higher in LTBI (Me 91.8 (IQR 37.5, 262.0) pg/ml) than

ATB (Me 39.3 (IQR 13.0, 144.2) pg/ml, culture-positive (Me 49.6 (IQR 18.6, 144.2) pg/ml, cul-

ture negative (Me 25.3 (IQR 10.8, 159.0) pg/ml; p = 0.003) or HC groups (Me 7.9 (IQR 6.3,

10.6) pg/ml; p<0.001) (Fig 3E). However, there was no association between the results of QFT

or TST and the levels of IL-18, IL-18BP or IL-37 measured in the QFT supernatants (Fig 4A–

4D).

Analysis based on the area under the ROC showed full logistic model of an AUC = 0.91

(CI = (0.90; 0.91)) for the HC vs. ATB comparison, an AUC = 0.98 (CI = (0.95; 0.99)) for HC

vs. LTBI, and an AUC = 0.70 (CI = (0.69; 0.71)) for LTBI vs. ATB. Table 4 shows the discrimi-

native power for the levels of individual proteins.

Table 2. Predictive values (median AUC and 95% CI) of individual protein levels measured in serum.

Parameter HC vs. ATB HC vs. LTBI LTBI vs. ATB

median AUC (95% CI)

IL-18 0.76 (0.76;0.77) 0.71 (0.65;0.77) 0.76 (0.75;0.77)

IL-18BP 0.67 (0.66;0.67) 0.62 (0.56;0.69) 0.69 (0.68;0.70)

IL-37 0.59 (0.52;0.59) 0.76 (0.69;0.82) 0.64 (0.59;0.69)

IFN-γ 0.57 (0.56;0.58) 0.61 (0.58;0.67) 0.52 (0.50;0.56)

IP-10 0.78 (0.77;0.78) 0.81 (0.75;0.86) 0.75 (0.75;0.76)

ATB–active tuberculosis (n = 95), HC- healthy controls (n = 91), LTBI–latent M.tb infection (n = 52)

https://doi.org/10.1371/journal.pone.0225556.t002

Table 3. Correlation (r) and p values between protein levels in serum.

Parameters HC LTBI ATB

n = 91 n = 52 n = 95

r p r p r p

IL-18 ~ IL-18BP 0.021 0.765 0.258 0.006 0.180 0.009

IL-18 ~ IL-37 -0.130 0.070 -0.012 0.899 -0.005 0.940

IL-18 ~ IFN-γ 0.025 0.718 -0.100 0.293 0.210 0.002

IL-18 ~ IP-10 0.152 0.033 0.154 0.107 0.112 0.107

IL-18BP ~ IL-37 0.093 0.195 -0.122 0.203 -0.106 0.128

IL-18BP ~ IFN-γ 0.048 0.495 0.043 0.647 0.186 0.007

IL-18BP ~ IP-10 0.100 0.163 0.188 0.049 0.239 <0.001

IL-37 ~ IFN-γ 0.081 0.255 0.046 0.629 0.003 0.956

IL-37 ~ IP-10 0.018 0.796 -0.089 0.350 0.042 0.546

IFN-γ ~ IP-10 0.066 0.355 0.086 0.364 0.263 <0.001

ATB–active tuberculosis, HC- healthy controls, LTBI–latent M.tb infection

https://doi.org/10.1371/journal.pone.0225556.t003
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Correlation analyses revealed pairs of proteins that were specific for certain study groups

(IL-18 and IFN-γ and IL-18 and IL-37 for HC; IL-18BP and IL-37 for LTBI; and IL-18 and IL-

18BP for ATB). A summary of these results is provided in Table 5.

Protein ratios in the sera and QFT supernatants

The discriminative powers of the ratios of serum and QFT supernatants between any two pro-

teins of the IL-18 signalling complex were analysed. The highest discriminative powers in the

sera (1) were IL-18/IL-37 for HC and ATB (AUC = 0.69, CI = (0.68; 0.69)), (2) IL-18/IL-18BP

for HC and LTBI (AUC = 0.82, CI = (0.76; 0.88)) and (3) IL-18/IL-18BP for LTBI and ATB

(AUC = 0.66, CI = (0.64; 0.67)). On the contrary, the highest discriminative powers in the

QFT supernatants were (1) IL-37/IFN-γ for HC and ATB (AUC = 0.75, CI = (0.74; 0.76)), (2)

IL-18BP/IFN-γ for HC and LTBI (AUC = 0.91, CI = (0.90; 0.91)), and (3) IL-18/IFN-γ for

LTBI and ATB (AUC = 0.72, CI = (0.71; 0.74)).

Selection of the most informative protein ratios using random forest

An approach based on the random forest, which is a sample classification and feature selection

algorithm, returned an importance score for each ratio of protein levels and an optimal num-

ber of features to be used in classifications estimated using cross-validation. Even with no sta-

tistically significant differences between studied groups, the IL-18, IL-18BP and IFN-γ from

QFT supernatants were most informative (in terms of AUC) in the LTBI vs. HC comparison.

The IL-18/IL-37, IL-18/IFN-γ, IL-18BP/IFN-γ and IL-37/IFN-γ protein ratios had the highest

importance scores, and the levels of IL-18, IL-18BP and IFN-γ and the ratios between IL-

18BP/IFN-γ and IL-37/IFN-γ remained informative in joint analyses. IL-18, IL-18BP and IFN-

γ were most informative for the ATB vs. HC comparison, and the IL-18/IL-37, IL-18/IFN-γ,

Fig 3. Total IL-18, IL-18BP, free IL-18, IL-37 and IFN-γ levels in M.tb antigens-stimulated QuantiFERON (QFT) supernatants. Boxplots with median (horizontal

line within the box), interquartile range (box limits), and extremes (whiskers) of levels of total IL-18 (A), IL-18BP (B), free IL-18 (C), IL-37 (D) and IFN-γ (E) in M.tb
antigens-stimulated QFT supernatants in the groups of patients with active tuberculosis (ATB) and latent M.tb infection (LTBI) and healthy controls (HC).

https://doi.org/10.1371/journal.pone.0225556.g003
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IL-18BP/IFN-γ and IL-37/IFN-γ protein ratios had the highest importance scores. The levels

of IL-18, IL-18BP and IFN-γ and the ratios between IL-18/IL-37 and IL-37/IFN-γ remained

informative in the joint analyses. IL-18 and IFN-γ were most informative for the LTBI vs. ATB

comparison, and the IL-18/IL-18BP, IL-18/IL-37, IL-18/IFN-γ, IL-18BP/IL-37 and IL-18BP/

Fig 4. Levels of total IL-18, IL-18BP, free IL-18 and IL-37 in M.tb antigens-stimulated QuantiFERON (QFT) supernatants versus QFT/TST result. Boxplots with

median (horizontal line within the box), interquartile range (box limits), and extremes (whiskers) of levels of total IL-18 (A), IL-18BP (B), free IL-18 (C), IL-37 (D) in M.

tb antigens-stimulated QFT supernatants from active tuberculosis patients with positive or negative QuantiFERON (QFT) and tuberculin skin test (TST) results.

https://doi.org/10.1371/journal.pone.0225556.g004

Table 4. Predictive values (median AUC and 95% CI) of individual protein levels in QFT supernatants.

Parameter HC vs. ATB HC vs. LTBI LTBI vs. ATB

median AUC (95% CI)

IL-18 0.76 (0.76;0.77) 0.51 (0.50;0.54) 0.71 (0.69;0.72)

IL-18BP 0.64 (0.64;0.65) 0.48 (0.45;0.55) 0.58 (0.56;0.59)

IL-37 0.54 (0.50;0.58) 0.75 (0.69;0.83) 0.59 (0.55;0.63)

IFN-γ 0.83 (0.83;0.84) 0.99 (0.99;0.99) 0.58 (0.55;0.62)

ATB–active tuberculosis (n = 95), HC- healthy controls (n = 91), LTBI–latent M.tb infection (n = 52)

https://doi.org/10.1371/journal.pone.0225556.t004
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IFN-γ protein ratios had the highest importance scores. The levels of IL-18, IL-18BP and IFN-

γ and the IL-18/IL-18BP, IL-18/IL-37, IL-18/IFN-γ and IL-18BP/IFN-γ protein ratios

remained informative in the joint analyses.

IL-18 and IL-37 were the most informative serum markers for the LTBI vs. HC comparison.

The protein ratios IL-18/IFN-γ, IL-18BP/IFN-γ, and IL-18BP/IP-10 had the highest impor-

tance scores, and the levels of IL-18, IL-18BP and IFN-γ and the IL-18/IFN-γ, IL-18BP/IL-37,

IL-18BP/IFN-γ and IL-18BP/IP-10 protein ratios remained informative in the joint analyses.

IL-18 and IP-10 were most informative for ATB vs. HC comparison, and all of the ratios,

except IL-18/IP-10 and IL-37/IFN-γ, were informative. The levels of IL-18 and IP-10 had the

highest discriminative power in the joint analysis. IL-18, IL-18BP and IP-10 were the most

informative for the LTBI vs. ATB comparison, and the IL-18/IL-18BP, IL-18/IL-37, IL-18/

IFN-γ and IL-18BP/IP-10 ratios had highest importance scores. The levels of IL-18, IL-18BP

and IP-10 and the IL-18/IL-18BP, IL-18/IL-37, IL-18/IFN-γ and IL-18BP/IP-10 ratios

remained informative in the joint analysis. The AUC values are summarized in Table 6.

The three-class comparison of the markers quantified in QFT supernatants revealed that all

single protein levels were informative with a multi-class AUC = 0.7728. The IL-18/IFN-γ, IL-

18BP/IFN-γ and IL-37/IFN-γ protein ratios had the highest importance scores with an

AUC = 0.6026. IL-18 and IFN-γ and the IL-18/IFN-γ and IL-18BP/IFN-γ ratios were the most

informative in the joint model with an AUC = 0.772.

Only IL-18 and IP-10 in the serum were informative with a multi-class AUC = 0.6507. All

of the ratios, except IL-37/IFN-γ, were informative with an AUC = 0.6192. IL-18, IL-18BP and

IP-10 as wells as the IL-18/IL-37, IL-18/IFN-γ and IL-18BP/IP-10 protein ratios were informa-

tive in the joint model with an AUC = 0.657.

Table 5. Correlation (r) and p-values between protein levels in QFT supernatants.

Parameters HC LTBI ATB

n = 91 n = 52 n = 95

r p r p r p

IL-18 ~ IL-18BP -0.164 0.021 -0.006 0.943 0.148 0.033

IL-18 ~ IL-37 -0.136 0.056 -0.006 0.949 -0.055 0.427

IL-18 ~ IFN-γ -0.139 0.051 -0.075 0.430 0.011 0.867

IL-18BP ~ IL-37 0.042 0.550 -0.252 0.008 -0.053 0.446

IL-18BP ~ IFN-γ 0.023 0.742 -0.020 0.831 0.016 0.816

IL-37 ~ IFN-γ 0.257 <0.001 -0.092 0.335 0.023 0.733

ATB–active tuberculosis, HC- healthy controls, LTBI–latent M.tb infection

https://doi.org/10.1371/journal.pone.0225556.t005

Table 6. AUC values for selected decision trees.

Comparison QFT supernatant Serum

expression ratio both expression ratio both

HC vs. LTBI 0.997 0.940 0.976 0.561 0.501 0.502

HC vs. ATB 0.883 0.722 0.906 0.796 0.733 0.798

LTBI vs. ATB 0.751 0.722 0.773 0.758 0.661 0.739

ATB–active tuberculosis (n = 95), HC- healthy controls (n = 91), LTBI–latent M.tb infection (n = 52)

For each case, the first value (expression) refers to the model with levels of single proteins only, the second value (ratio) to the ratios between protein levels and the third

value (both) to the joint model.

https://doi.org/10.1371/journal.pone.0225556.t006
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Variability of expression and co-expression levels

To shed some further light on the issue of insufficient discriminative power of single protein

levels and protein ratios, we aim to perform a deeper study of the variability and co-expression

of the selected markers. In addition to the differential expression between the study groups,

IFN-γ levels had significantly different variance between HC and ATB and HC and LTBI in

QFT supernatants (p<10−10 in both cases). IL-18 was differentially variable between HC and

LTBI in QFT supernatants (p~10−4). IL-18, IL-18BP, IFN-γ and IP-10 in the serum samples

were differentially variable between HC and LTBI, and IL-18 and IP-10 were differentially var-

iable between LTBI and ATB.

We used the co-expression network-building method introduced by Hartmann et al. [21]

and found that pairs of proteins were stably co-expressed in one study group and co-expressed

in a varying fashion in another study group, which is a phenomenon that we call differential

co-expression. The co-expression networks generated using this approach are presented in Fig

5. The relationships between (a) IP-10 and IFN-γ as well as between IL-18BP and IL-37 in the

serum samples were most robust in the ATB group, (b) IL-18BP and IP-10 as well as IL-18 and

IFN-γ were more robust in the ATB or LTBI groups than the HC group, and (c) IL-18 and IP-

10, IL-18BP and IFN-γ as well as between IL-37 and IFN-γ were most robust in the HC group

Fig 5. Network patterns among studied proteins measured in serum (A) and QFT supernatants (B) from pulmonary TB patients (ATB), latently infected subjects

(LTBI) and non-infected healthy controls (HC) The numbers, all between 0 and 1, correspond to the ’likelihood’ of observing a given co-expression in a network

generated from a random subset of (at least 80% of) individuals in the group of interest.

https://doi.org/10.1371/journal.pone.0225556.g005
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(Fig 5A). The relationship between (a) IL-18 and IL-37 in QFT supernatants was most robust

in the ATB groups, (b) IL-18BP and IL-37 were more robust in the ATB or LTBI group than in

the HC group, and (c) IL-37 and IFN-γ were most robust in the HC group (Fig 5B).

Ordinal Elastic Net for the detection of protein levels and ratios predictive

of the transition from HC through LTBI to ATB

The feature selection method based on ordinal regression with elastic net penalty revealed sev-

eral important predictors in the levels and ratios of the sera and QFT supernatant proteins. All

available predictors (5 levels of proteins and 10 ratios between these proteins in serum together

with 4 protein levels and 6 ratios between proteins in QFT supernatants) were used to model

Table 7. Results for ordinal regression (elastic net)–coefficients. All available predictors (5 levels of proteins and 10

ratios between these proteins in serum together with 4 protein levels and 6 ratios between proteins in QFT superna-

tants) were used to model the distribution of an ordinal random variable, Y, which equalled 1 for HC, 2 for LTBI and 3

for ATB. The non-zero coefficients are regarded as being informative of the (conditional) distribution of Y.

Parameters Coefficients (95% CI)

logit(P[Y = 1|Y> = 1]) logit(P[Y = 2|Y> = 2])

Serum

(Intercept) 5.007 (2.320; 5.241) 3.745 (2.144; 3.779)

IL-18 -0.115 (-0.232; 0) -0.073 (-0.232; 0)

IL-18BP -0.237 (-0.311; -0.082) -0.237 (-0.317; -0.093)

IL-37 0.129 (0; 0.047) 0.046 (0; 0.002)

IFN-γ -0.848 (-0.633; -0,020) -0.848 (-0.633; -0.020)

IP-10 -0.113 (-0.149; -0.062) -0.157 (-0.175; -0.079)

IL-18/IL-18BP -0.545 (-0.811; 0) -1.025 (-0.858; 0)

IL-18/IL-37 0.129 (0;0.015) 0.129 (0; 0.015)

IL-18/IFN-γ -0.051 (-0.12; 0) 0.079 (-0.007; 0.056)

IL-18/IP-10 0 (0; 0.154) 0 (0; 0.088)

IL-18BP/IL-37 0 (-0.019; 0) -0.153 (-0.081; 0)

IL-18BP/IFN-γ 0 (-0.155; 0) 0 (-0.209; 0)

IL-18BP/IP-10 0.222 (0.150; 0.431) -0.005 (0; 0.430)

IL-37/IFN-γ 0 (0; 0.023) 0 (-0.007; 0.021)

IL-37/IP-10 0 (-0.034; 0) -0.200 (-0.063; 0)

IFN-γ/IP-10 1.300 (0; 0.851) 2.427 (0; 1.589)

QFT supernatant

IL-18 -0.371 (-0.419; -0.063) 0 (-0.123; 0)

IL-18BP -0.097 (-0.540; -0.217) -0.028 (-0.125; 0)

IL-37 -0.086 (-0.067; 0) 0.011 (-0.032; 0.004)

IFN-γ -0.981 (-0.478; -0.153) -0.027 (-0.027; 0)

IL-18/IL-18BP 0.433 (0; 0) -0.106 (-0.252; 0)

IL-18/IL-37 0 (-0.028; 0) 0 (-0.035; 0)

IL-18/IFN-γ 0.301 (0; 0.602) -0.363 (-0.418; -0.021)

IL-18BP /IL-37 -0.543 (-0.514; -0.074) 0.089 (-0.022; 0.232)

IL-18BP/IFN-γ 0.266 (0.411; 1. 116) -0.659 (-0.947; -0.247)

IL-37/IFN-γ 0.047 (0.031; 0.211) -0.009 (0; 0.049)

The CI’s were estimated via boostrap procedure based on 300 repetitions with the size of the subsample equal to 80%

of the original sample. This approach is proposed due to lack of closed form formulas for the distributions of the

coefficients. Due to differences in sample size, there are instances where the coefficient lies outside of the CI

indicating lack of robustness.

https://doi.org/10.1371/journal.pone.0225556.t007
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the distribution of a random variable, Y, which equalled 1 for HC, 2 for LTBI and 3 for ATB.

The performance of the model is presented in Table 7. Notably, the expression levels of all pro-

teins in the serum and QFT supernatants were informative predictors of the infection status.

However, a number of non-informative expression ratios were found: IL-18/IP-10, IL-18BP/

IFN-γ, and IL-37/IFN-γ in the serum and IL-18/IL-37 in QFT supernatants.

Unsupervised dimension reduction

We also asked whether the molecular signature based on the expression of the studied proteins

and ratios may be used to define a meaningful partition of our cohort. We used an

Fig 6. Results of the t-SNE algoritm on serum (top) and QFT supernatant (bottom). IGRA negative samples are in the left and IGRA positive in the right panel. ATB

cases are in black, LTBI in red and HC in green.

https://doi.org/10.1371/journal.pone.0225556.g006
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unsupervised dimension reduction technique, t-SNE, which is a non-linear alternative to stan-

dard Principal Component Analysis.

First, we performed t-SNE on serum and QFT supernatants separately, with no prior infor-

mation on the studied individuals (Fig 6). For the serum samples, there was no clear clustering

or separation between the studied groups. At the same time, there was a separation between

the IGRA-negative and IGRA-positive samples for the QFT supernatants as confirmed in the

analysis of the similarity of distributions of the three components (derived from t-SNE)

between the IGRA-positive and -negative groups (see qq-plots in Fig 7). Then, we used the t-

SNE conditionally on the IGRA result. In other words, we performed the dimension reduction

separately for the IGRA-positive and -negative individuals. This prior information allowed us

to identify two clusters for the IGRA-positive and IGRA-negative samples in the serum with a

clearer separation between the ATB and HC groups than between the ATB and LTBI groups

(only the active TB and HC could have a negative IGRA in our study) (Fig 6). For QFT

Fig 7. qq-plots for the components of the t-SNE projection. The top panel corresponds to the serum and the bottom to the QFT supernatant samples. The leftmost plot

in each panel corresponds to the first coordinate of the embedding, the central plot to the second and the rightmost to the third coordinate of the embedding. The x-axis

corresponds to IGRA negative and the y-axis to the IGRA positive samples. The red line is the diagonal. In the top panel (serum) the distribution of the consecutive

components of the embedding is much more similar between IGRA positive and negative individuals, then in the bottom panel (QFT supernatants).

https://doi.org/10.1371/journal.pone.0225556.g007
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supernatant samples and IGRA-negative samples, we separated a group of healthy controls

from the two clusters of the mixed samples (ATB and HC), and we noticed that the likelihood

of the sample being classified as LTBI rather than ATB increased for IGRA-positive individuals

with the increase in the value of the third projection of the embedding (Fig 6, Fig 7).

Discussion

We estimated whether the levels of individual proteins of the IL-18 signalling complex i.e. total

and free IL-18, IL-18BP, IL-37, IFN-γ and the IP-10 chemokine, and their mutual relationships

and ratios, were useful as auxiliary biomarkers of ATB. The analyses showed a significant

increase in the serum levels of total and free IL-18, IL-18BP, IFN-γ and IP-10 in ATB patients

compared to LTBI or HC individuals. In contrast, a slightly lower serum concentration of the

anti-inflammatory IL-37 was measured in ATB than in LTBI or HC groups [16]. This observa-

tion indicates a significant loss of balance in the range of the IL-18 signaling complex in ATB.

An elevated serum IL-18 concentration in ATB had been previously demonstrated [22–25].

However, our study analysed the IL-18 signalling complex in a wider extent, by evaluating the

total and free IL-18, IL-18BP, IL-37, IFN-γ and IP-10 chemokine, in two M.tb infection states,

which to the best of our knowledge, had not been done previously. We performed statistical

analyses of several classification algorithms to rank the measured proteins for their usefulness

in the differentiation of M.tb infection states using unstimulated serum samples and M.tb anti-

gen-stimulated QuantiFERON culture supernatants. Our data showed that individual serum

proteins, except IL-37, were able to discriminate between ATB and LTBI in both groups of

positive and negative QFT tests. However, the highest discriminative biomarker set was a com-

plex co-expression of serum IL-18BP and IL-37 and IP-10 and IFN-γ, which may be useful in

the rapid differentiation between ATB patients and LTBI individuals. Our data are consistent

with the opinion that a complex biomarker panel is more robust than single markers for TB

screening [5–7,26]. The set of seven serum biosignatures, comprised of apolipoprotein-A1,

CRP, complement factor H, IFN-γ, IP-10, serum amyloid A and transthyretin, and a panel of

five other serum biomarkers, including IFN-γ, IL-6, IL-18, CRP and MIG, showed potential in

screening for TB in African countries endemic for HIV infection [8,27].

Our data suggest that the unstimulated biomarker performance is a better approach to eval-

uate the systemic manifestation of active TB compared to M.tb-stimulated marker expression.

In contrast to the five individual serum proteins of the IL-18 signalling complex that were able

to discriminate between the ATB and LTBI groups, only total IL-18 and IFN-γ showed signifi-

cantly different values in QFT supernatants from ATB patients and LTBI individuals. Other

results demonstrated that the cytokine ratios might provide specific and sensitive TB indica-

tors [28–30]. A potential role of the IFN-γ/IL-2 ratio in the diagnosis of extrapulmonary TB

was reported [31]. The IFN-γ/IL-4 and IL-4δ2/IL-4 mRNA ratios may serve as valuable mark-

ers for TB susceptibility or resistance [31,32]. La Manna et al. indicated that 14 analytes (IL-2,

IP-10, IFN-γ, MIG, SCF, b-NGF, IL-12-p40, TRAIL, IL2Ra, MIF, TNF-β, IL-3, IFN-α 2, and

LIF) allowed discriminating between ATB and non-TB groups [33].

The present study revealed significantly higher levels of circulating IFN-γ in ATB patients

than in the LTBI or HC groups. In contrast, the IFN-γ concentration in M.tb-stimulated QFT

cultures was lower in ATB compared to LTBI subjects. This difference suggests that the activa-

tion of an antimycobacterial immune response during ATB occurs concomitantly with the

signs of immune depression [34]. However, it cannot be excluded that the most M.tb-reactive

T cells are redistributed from the periphery to the site of infection, and consequently, only less

responsive M.tb-specific T cells remain in the circulation. The elevated levels of serum IP-10 in

ATB patients support this hypothesis because this chemokine recruits Th1 lymphocytes and
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NK cells toward infected areas [35]. We previously reported that circulating leukocytes from

healthy BCG-vaccinated individuals become effector cells producing IFN-γ upon stimulation

with mycobacterial antigens [36]. The proportion of T CD4+ Th1 cells synthesizing IFN-γ in

these cultures significantly exceeded the proportion of T CD8+ cells and NK cells. The IL-18

enhanced IFN-γ production by naïve rather than memory CD4+ Th1 cells [37]. To perform

this function, CD4+ Th1 cells recognized M.tb antigens that were presented via major histo-

compatibility complex (MHC) class II molecules at the surface of dendritic cells. It is possible

that antigen presentation to CD4+ Th1 cells in active TB might not be optimal for the IFN-γ
response in QFT cultures. With this in mind, the search for novel antigens, other than those

used in IFN-γ-release assays (ESAT-6/CFP-10/TB7.7), was undertaken by Chegou et al. [38].

Alternatively, we also speculate that new cell culture models that mimic the microenvironment

of human lung tissue [39] may be used for the development of a robust immunodiagnosis of

TB. In regards to such a supposition, the co-expression of the proteins of the IL-18/IL37 signal-

ling complex and IP-10 should be further analysed in patients with pulmonary disease includ-

ing those with pulmonary disease other than TB.

Conclusion

Our results show that the IL-18 signalling complex may be exploited by M. tuberculosis to

expand the clinical manifestation of pulmonary TB. Therefore, direct analysis of serum com-

ponents of the IL-18/IL-37 signalling complex and IP-10 may be applicable in designing novel

rapid screening tests for pulmonary TB.
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Abstract: A thorough understanding of the processes modulating the innate and acquired immune
response to Mycobacterium tuberculosis (M.tb) infection in the context of gene expression is still a
scientific and diagnostic problem. The study was aimed to assess IL-18, IL-18 binding protein
(IL-18BP), IL-18R, IFN-γ, and IL-37 mRNA expression in patients with active tuberculosis (ATB) and
healthy volunteers with latent M.tb-infection (LTB) or M.tb-uninfected healthy controls (Control).
The relative mRNA expression was assessed in the buffy coat blood fraction using the qPCR method.
In total, 97 BCG-vaccinated Polish adults were enrolled in the study. The relative expression of IL-18
and IL-18BP mRNA was significantly elevated in the ATB and LTB groups. In ATB, but not LTB
individuals, the overexpression of IL-18 and IL-18BP, as well as a significant increase in IFN-γ mRNA
expression, might be considered as a manifestation of active tuberculosis disease. No statistically
significant differences were observed in the IL-37 mRNA expression among the studied groups.
Particularly noteworthy is the outstanding reduction in the relative expression of IL-18R mRNA in
the LTB group as compared to the ATB and Control group. Reduced expression of IL-18R in LTB
group may, at least partially, prevent the development of a pathological inflammatory reaction and
promote the maintenance of homeostatic conditions between host immunity and M.tb.

Keywords: tuberculosis; IL-18; IL-18BP; IL-18R; gene expression

1. Introduction

Tuberculosis (TB) is the leading global cause of death from an infectious agent, Mycobacterium
tuberculosis (M.tb). TB affects about 10-million people in the world and is a cause of two-million deaths
annually, according to the estimates of the World Health Organization [1]. One-third of the world
population carries an asymptomatic M.tb infection. These individuals have developed an efficient
immune response that allows them to block the metabolic activity of the pathogen, but it does not
provide its eradication. People with a latent TB infection (LTB) represent a reservoir of potential
progress to disease, because about 5–10% of them will develop active TB disease, if not treated.

The antigen-specific, as well as non-specific, response of the immune cells to M.tb infection
is modulated by mRNA expression, which results in the production of cytokines and other
proteins activating numerous cell populations. Among these, interleukin (IL)-18plays an important
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role—it induces NK cell cytotoxic activity and promotes the development of Th1 cell response.
This mechanism is associated with the production of interferon (IFN)-γ, which is a key element in
anti-mycobacterial protection. IL-18 was first described in 1989 as an “IFN-γ inducing factor” [2–4].
Similarly to IL-1β, IL-18 is constantly synthesized as an inactive precursor, and the cysteine protease
(caspase-1) is involved in its maturation. In a mouse model, increased susceptibility to infection with
M.tb was found in animals that were not able to produce IL-18 [5]. Moreover, IL-18 increases the
expression of adhesion molecules, the synthesis of enzyme nitric oxide synthase, and the production of
chemokines. In addition to inducing a T helper (h) type 1 (Th1) cellular response, IL-18, together with
IL-2, leads to a Th2 type cell response and the production of IL-4 and IL-13 [6]. In humans, the gene
encoding IL-18 is located on chromosome 11 at position 11q22.2–q22.3 and it consists of six exons.
There are several common polymorphisms in the promoter region of IL-18 than affect the transcription
factor binding sites and, in turn, might be expression quantitative trait loci (eQTLs) for IL-18. Therefore,
these genetic variants may predispose to TB by affecting the expression of the cytokine itself, followed by
the development of the IFN-γ-mediated Th1 response [7].

The IL-18 levels are also regulated by soluble IL-18 binding protein (IL-18BP), which is a natural
inhibitor of IL-18. Under physiological conditions, the concentration of plasma IL-18BP is ~20 times
higher than that of IL-18, which prevents IL-18 from binding to its cellular receptor. The gene coding
for IL-18BP is located on chromosome 11 at position 11q13.4. The mRNA promoter region contains
two response elements (RE), regulatory sequences sensitive to IFN-γ attachment, which results in
increased gene expression and protein production [8,9].

Cell activation by IL-18 occurs via the IL-18R receptor, which belongs to the IL-1 family, the members
of which show structural and functional similarity. IL-18R is expressed on many cells, such as
macrophages, NK cells, neutrophils, epithelial cells, and smooth muscle. The IL-18R receptor is a
heterodimer that is composed of two polypeptide chains: IL-18Rα and IL-18Rβ. The IL-18Rα chain
is responsible for ligand binding. However, it binds to IL-18 with low affinity. On the other hand,
the IL-18Rβ chain functions as a co-receptor, which enhances the strength with which the receptor
binds IL-18 and transmits the signal to the inside of the cell [10–12]. The genes encoding the receptor
are located on chromosome 2 at position 2q12.1 There are known genetic variants in the regulatory
regions of IL-18R associated genes, which may affect its and functionality [13].

A new member of the IL-1 family, IL-37, has gained increasing attention in recent years. IL-37,
to which IL-18BP also has a high affinity, was found to be an important regulator of inflammation [14,15].
IL-37 is also able to bind to IL-18Rα, but with much lower affinity than IL-18 [16]. IL-18BP and IL-37
act to reduce the production of inflammatory cytokines; however, the anti-inflammatory properties of
IL-37 depend on the concentration of IL-18 binding protein. The human IL-37 gene cluster is located
on chromosome 2 at position 2q14.1 [17].

IFN-γ is a cytokine that is known to be crucial in regulating the immune response to M.tb infection.
This cytokine is mainly produced by activated CD4 (+) Th1 T lymphocytes, and it also has a key role in
inducing nitric oxide (NO)-dependent apoptosis of mycobacteria infected macrophages. IFN-γ was
shown to increase the expression of major histocompatibility complex (MHC) class I and II surface
molecules and promote differentiation towards Th1 response. Deleterious mutations in the gene
encoding the IFN-γ receptor predispose to the acute course of mycobacterial infection [3,18]. The human
immune interferon gene is located on chromosome 12at position 12q15 [19]. The expression levels of
these cytokines, as well as their mutual relations in sera, as well as in cultures stimulated, were found
to be informative of M.tb infection status [20,21]. This work aims to assess the level of expression of
IL-18, IL-18BP, IL-18R, as well as IFN-γand IL-37 genes in patients with active pulmonary tuberculosis
(ATB), healthy individuals with latent M.tb infection (LTB), and healthy uninfected controls (Control).
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2. Materials and Methods

2.1. Study Subjects

A study group consisted of 97 adults that were vaccinated with M. bovis BCG in childhood,
including 51 patients with active pulmonary ATB (40 males, 11 females) aged 23–80 years, hospitalized
and diagnosed in the Regional Center Hospital for Tuberculosis, Lung Diseases, and Rehabilitation in
Lodz, Poland, 24 healthy volunteers, eight males, 16 females, with LTB (25–65 years old), and 22 healthy
uninfected Controls (five males, 17 females), aged 18–66 years (Table 1). Active pulmonary TB was
diagnosed by chest radiography and standard clinical examination—by Ziehl–Neelsen staining of
sputum smears and M.tb culture as a gold standard. The Ethics Committee of the University in
Lodz, Poland approved the study (ethical approval number 17/KBBN-UŁ/II/2016; date 2016/11/10).
Informed consent to use blood for research purposes was signed by all participants.

Table 1. Patient characteristics.

ATB LTB Control

N 51 24 22
Sex M/F 40/11 * 8/16 5/17 *
Ethnicity Caucasian Caucasian Caucasian

Age
median 54 51 37
range 23–80 25–65 18–66

years (IQR) 42–63 45–57 27–42

BCG vaccination 100% 100% 100%

QFT result, N (%)
positive 22 (43%) 24 (100%) 0 (0%)
negative 28 (57%) 0 (0%) 22 (100%)

Abbreviations: ATB—active tuberculosis patients; LTB—latently M.tb infected individuals; Control—M.tb-uninfected
healthy controls; QFT—QuantiFERON TB Gold test. * The proportion of men in the ATB group was significantly
higher than in the Control group (p < 0.05).

2.2. RNA Isolation

RNA isolation from the buffy coat obtained after centrifugation (150 g, 4 ◦C, 10 min.) was
performed by the use of a commercial QIAamp® RNA Blood Mini set. Genetic material was isolated
from 3.5 mL of peripheral blood obtained from all volunteers using EDTA tubes and the BD Vacutainer®

Blood Collection system. The isolation process was fully compliant with the manufacturer’s guidelines.
The isolation process was extended by an additional purification step using the RNase-Free DNase Set
to obtain the purest product free of any genomic DNA. All of the procedures were carried out within
no more than 2 h from the collection of a blood sample. Part of extracted RNA was used to visualize a
product and obtain cDNA immediately after the isolation process; the rest of the genetic material was
stored at −80 ◦C until analyzed.

2.3. Spectrophotometric Evaluation of Isolated RNA and Gel Visualization

At the end of the isolation procedure, 1.5 µL of each sample was pipetted into a sterile Eppendorf
tube, which was then placed in an ice block, in order to assess the quality and quantity of RNA
obtained. An additional water-containing blank was prepared to calibrate the device (NanoDrop),
which was used for RNA elution in the final isolation step. For visualization of RNA, 1.2% agarose gel
was prepared based on TAE buffer. Agarose gel was enriched after cooling with 10 µL of 5 mg/mL
ethidium bromide. Each sample of RNA in a volume of 3.5 µL was heated to 70 ◦C in a water bath for
1 min. and then cooled on ice for another minute. An equal amount of loading buffer was then added
to each of the samples, and the mixture was then loaded to the gel. The GeneRuler Plus DNA Ladder



Pathogens 2020, 9, 451 4 of 11

size 100 bp from ThermoFisher was used as the size standard. Electrophoresis was carried out at 90 V
for 60 min. Subsequently, to visualize the obtained product, the gel was transferred to a Gel-Doc 2000
apparatus that was connected to a computer with Quantity One software. The analysis of the obtained
gel allowed a clear distinction between the two isolated RNA fractions: 18S RNA and 28S RNA.

2.4. Reverse Transcription

cDNA was synthesized according to the manufacturer’s instructions of the iScript™ cDNA
Synthesis Kit (Bio-Rad). In the first stage of the reverse transcription reaction, 1 µg matrix RNA
previously tested for quality and integrity was transferred from an isolated sample to 0.2 µL Eppendorf
tubes, followed by the addition of reagents that are necessary for the cDNA synthesis process according
to the manufacturer’s proportions, which results in a mixture with a final volume of 20 µL. The reverse
transcription reaction was carried out in a Biometra UNO II thermal cycler under conditions following
the manufacturer’s guidelines. The resulting cDNA was stored at −20 ◦C until analyzed.

2.5. qPCR Reaction

qPCR was performed in a CFX96 Real-Time PCR Detection System (Bio-Rad). The reaction mixture
(10 µL) contained 5 µL of iTaq universal SYBR Green Supermix, 0.5 µL of each primer (10 µM), 1 µL of
cDNA, and 3 µL of nuclease-free water. Amplifications were performed using the following cycling
profile: an initial activation step (95 ◦C for 3 min.) followed by 40 cycles of denaturation at 95 ◦C for
10 s, annealing at a temperature appropriate for selected starters (Table 2) for 10 s, and extension at
72 ◦C for 20 s. For melting curve analysis, a dissociation step cycle (60 ◦C for 5 s, and then 0.5 ◦C for 5 s
until 95 ◦C) was added. All of the qRT-PCR experiments were performed in three technical replicas.

Table 2. Starters and temperatures of annealing selected for expression analysis.

Sequence Temperature of Annealing Source

IL-18
forward 5’-GCTTGAATCTAAATTATCAGTC-3’

55 ◦C [22]
reverse 5’-GAAGATTCAAATTGCATCTTAT-3’

IL-18BP
forward 5’-CAACTGGACACCAGACCTCA-3’

64 ◦C [23]
reverse 5’-AGCTCAGCGTTCCATTCAGT-3’

IL-18R
forward 5’-GGACTCCATGAAGCATTGGT-3’

58 ◦C [24]
reverse 5’-AGACTCGGAAAGAACAGGCA-3’

IFN-γ forward 5’-CTCTTGGCTGTTACTGCCAGG-3’
60 ◦C [25]

reverse 5’-CTCCACACTCTTTTGGATGCT-3’

IL-37 Sino Biological INC. 60 ◦C -

Analysis of gene expression was done through a comparative method (∆∆Ct) in order to determine
the relative level of expression of selected mRNAs. This method is based on calculating the differences
in the level of expression of the test gene and the reference gene. The calculations use the threshold
cycle (Ct) values of the qPCR reaction. Ct values were determined for both the test and reference genes
in both the test and control samples, for which the differences between the individual Ct values (∆Ct)
were then calculated.

2.6. Statistical Analysis

The expression of genes between the study groups was compared using Kruskal–Wallis’
non-parametric diagnostic test. A p-value < 0.05 was considered to be statistically significant.
Statistical analyses were done using MedCalc (MedCalc Software, Ostend, Belgium) and GraphPad
Prism 8 (GraphPad Software, La Jolla, CA, USA) software.
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3. Results

3.1. Selection of Reference Genes

We had chosen to use the Reference Gene qPCR Panel BioRad with primers being designed and
coated on the plate in lyophilized form for selected reference genes adequate for the analyzed material
obtained from volunteers [26]. The housekeeping genes were: ACTB, RPL13A, B2M, RPLP0, G6PD,
RPS18, GAPDH, TBP, GUSB, TFRC, HMBS, YWHAZ, HPRT1, PGK1, and IPO8. Additionally, the panel
contained several internal controls ensuring the most reliable results. After the RT-PCR reaction,
the analysis of the melting curves for the obtained amplicons was carried out in order to determine
the quality of the reaction. In the next stage, the Ct values that were detected for individual genes
were used for further analyses, which were carried out using the BioRad program (CFX Manager™
Software), and the GeNorm program. As a consequence of the analysis, we decided to use the following
reference genes: GADPH, HPRT1, and TBP. These genes had the lowest M value corresponding to the
most stable gene expression in the sample tested. The analysis of Ct values using the geNorm program
allowed for further refinement of this gene list and, in turn, only HRTP1 and GAPDH were used as the
reference panel, as shown in Figure 1.
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Melt peak analysis demonstrated a single homogenous peak for all primer sets, including selected
reference genes (Figure 2).

3.2. IL-18, IL-18BP, IL-18R, IFN-γ, and IL-37 Gene Expression in the Studied Groups

A significantly higher relative level of IL-18 mRNA expression was observed in LTB individuals
as compared to healthy controls without M.tb infection (p = 0.023). A similar increase in the relative
IL-18 expression level was observed among ATB patients; however, the difference in values for the
group ATB and group Control group was not significant (p = 0.082) (Figure 3A).

The relative level of IL-18BP mRNA expression was significantly higher in ATB patients (p < 0.001)
and healthy LTB individuals (p = 0.006) than in Control group volunteers (Figure 3B).

There were major significant differences between the three groups in the IL-18R mRNA expression.
In the LTB groups, the relative level of IL-18R mRNA was much lower than in the ATB patients
(p < 0.001) and individuals from the Control group (p < 0.001) (Figure 3C).

The level of relative expression of IFN-γ mRNA was significantly higher in active TB patients
(p = 0.002) and LTB individuals (p = 0.029) than in the Control group (Figure 3D).
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No statistically significant differences were observed in the levels of relative expression of IL-37
mRNA among the studied groups (Figure 3E).

Figure 2. Melt peak analysis of reference genes HPRT1 (light grey) and GAPDH (dark grey).
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Figure 3. Relative expression of IL-18, IL-18BP, IL-18R, IFN-γ, and IL-37 mRNA in studied groups.
Dot plot with mean (horizontal line), and standard deviation (whiskers), IL-18 (A), IL-18BP (B),
IL-18R (C), IFN-γ (D), IL-37 (E) in the groups of healthy volunteers (Control), patients with active
tuberculosis (ATB), and latently infected individuals (LTB).

4. Discussion

A unique feature of M.tb is the ability to persist in the host for a long time, despite functioning
mechanisms of acquired immunity. In turn, approximately 2.3 billion individuals have latent
tuberculosis infection without evidence of the clinical manifestation of active TB. It is hypothesized
that active TB is usually caused by the reactivation of endogenous infection and untreated LTB is a
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major source of new active TB infections and transmission. The risk for severe active tuberculosis
reactivation is increased several times among the immunocompromised individuals, diabetics,
organ transplantation recipients, patients with hematologic malignancies, or HIV-infected subjects.
Several treatment regimens of LTB are recommended, between isoniazid monotherapy for six months,
rifampicin plus isoniazid for three months or rifapentine plus isoniazid for three months [27]. Currently,
interferon-gamma release assays (IGRA) are used to test LTB based on the production of IFN-γ by
Th1 cells responding to specific M.tb antigens, although the IGRA’s accuracy in immunocompromised
individuals is still limited. Moreover, the definition of active tuberculosis infection might not be
accurate using IFN-γ responses to M.tb antigens even in combination with tuberculin skin test [28].
At the same time, neither the IGRA test nor the tuberculin skin test can distinguish between latent and
active TB infection. Strategies for rapid differentiation of patients with active TB and people with LTB
and prevention of tuberculosis reactivation in LTB individuals are urgently needed.

To meet such needs, we compared the expression of genes of the IL-18 pathway, functional receptor
of this cytokine IL-18R, and IFN-γ, as well as the expression of IL-18BP and IL-37 genes in groups of
patients with active TB, healthy individuals with LTB and healthy controls without M.tb infection.

Our results for the first time showed a significant increase in the relative expression of IL-18 and
IL-18BP mRNA in the group of patients with active TB and LTB individuals when compared to healthy
controls, according to available literature data. It might suggest a permanent activation of the immune
cell signaling pathways in the course of M.tb infection either in the control or progression to active TB
disease. Moreover, no significant differences in relative IL-18 and IL-18BP mRNA expression were
observed between active TB patients and LTB individuals. Pechkovsky et al. demonstrated an increased
expression of IL-18 mRNA in type II lung epithelial cells obtained from patients with pulmonary
TB. Pneumocytes that were cultured in the presence of M.tb cell lysate showed an increased IL-18
mRNA expression in comparison with unstimulated cells and pneumocytes stimulated with PPD or
LPS [29]. Higher levels of IL-18 mRNA expression were observed in monocytes responding to M. leprae
antigens [30]. Corbaz et al. showed significantly higher levels of IL-18 and IL-18BP mRNA expression
in the intestinal mucosa of patients with Crohn’s disease as compared to healthy controls. We detected
a similar increase in IL-18 and IL-18BP mRNA expression in the group of patients with active TB
and healthy LTB individuals. These results are somewhat out of line with our earlier definition of a
simultaneous increase in serum IL-18 and IL-18BP protein expression, which might be treated as a
discriminatory biomarker of active tuberculosis and LTB. Yet, it is worth noting that only the complex
co-expression of serum IL-18BP and IL-37, IP-10, and IFN-γ were identified as the most accurate
discriminative biomarker set for diagnosis of active TB [21].

Our study allowed for the discovery of a novel relation—the significantly lower expression of
functional IL-18R receptor mRNA in the LTBI group as compared to the active TB and healthy controls.
This low expression of IL-18R mRNA in LTB individuals was accompanied by IFN-γ mRNA expression
at the ’baseline’ level, characterizing healthy individuals without M.tb infection. Similarly, Taha et al.
pointed out that the expression of IFN-γ genes was significantly higher in the group of patients with
active TB as compared to those who were infected but did not develop active TB [31].

Among many possible mediators of host response to M.tb is the activity of the indoleamine
2,3-dioxygenase-1 (IDO1), the enzyme of tryptophan metabolism, which leads to the formation of
tryptophan metabolites, including quinolinic and picolinic acids [32]. In animal models, increased IDO-1
expression and the activation of the tryptophan-kynurenine pathway were indicated to play a crucial
role in M.tb pathogenesis [29,30,33,34]. The depletion of tryptophan, which is required for microbial
growth, as well as the accumulation of biologically active tryptophan metabolites, impaired effective
anti-mycobacterial immune response and, thus, favoured survival and persistence of the pathogen [32].
In M.tb-infected mice, IFN-γ receptor-deficiency in nonhaematopoietic cells led to a lack of IDO-1
expression and it was associated with exuberant neutrophil recruitment and increased mortality [33].
In macaques, the suppression of IDO activity led to the reduction of the bacterial burden and clinical
symptoms of active TB that was accompanied by increased lung T cell proliferation, the induction of
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inducible bronchus-associated lymphoid tissue, and the relocation of effector T cells to the center of the
granuloma [34]. Mehra et al. demonstrated that IDO induction in the periphery of the granuloma
correlated with active TB disease [30]. A few studies have investigated IDO-mediated tryptophan
metabolism and its metabolites in humans in the context TB. Li et al. demonstrated increased IDO
expression and activity in the pleural fluid from TB patients [35]. Almeida et al. found significantly
higher expression levels of immune-suppressive mediators, including IDO-1, in patients with active
pulmonary TB as compared to patients with other infectious lung diseases and healthy volunteers [36].
The authors suggested that the increased levels of immunosuppressive mediators may render the
immune activation and counteract the development of Th1-type immune response against M.tb.
The IDO levels were elevated at the time of TB diagnosis and declined after TB treatment, which serves
as evidence that IDO expression might be both: a useful diagnostic marker of active TB as well
as prognostic factor in TB treatment of HIV-negative patients [36]. Additionally, Adu-Gyamfi et al.
showed that plasma IDO expression is a potential biomarker of active TB in HIV-positive patients [37],
while Shi et al. confirmed that IDO activity might have an auxiliary diagnosis value for the early
discrimination of multi-drug resistant TB patients [38]. The increase in IDO activity was noticed
in both HIV-infected and uninfected active TB patients as compared with individuals with latent
TB infection [36,37,39]. In relation to this statement, the simultaneous reduction of IL-18R mRNA
expression together with significant overexpression of IL-18 mRNA observed by us in the LTB group is
of particular interest.

The presented results entitle us to hypothesize that: the increase in IL-18 gene expression, the lack
of increase in IFN-γ gene expression, and the remarkably reduced expression of IL-18R gene may be
a novel set of conditions that partially describe the homeostasis between M.tb and host-immunity
in latent tuberculosis infection. As an obligate intracellular pathogen, M.tb has numerous adaptive
mechanisms of modifying cellular processes in the fight against the host immune response. In latent TB
infection, M.tb bacilli benefit from epigenetic changes that occurred in the host immune system under
mycobacterial infection [40]. These changes make the M.tb favorable environment in the host cells and
promote mycobacterial survival, growth, and latency. In a study that was conducted among Chinese
patients with pulmonary TB and healthy controls, single nucleotide polymorphisms in the IL-18R
promoter were associated with genotype-specific methylation status and genotype-specific IL-18R
expression [41]. In the author’s opinion, the relationship between decreased mRNA expression of
IL-18R that is caused by an SNP and increased DNA methylation can partially mediate the susceptibility
to TB risk. No statistically significant differences were observed in the relative mRNA IL-37 expression
among the groups in our study. IL-37 is a new member of the IL-1 family, which reduces systemic and
local inflammation. IL-37 is expressed in various cells and tissues and it is regulated by numerous
inflammatory stimuli and cytokines via different signal transduction pathways [42]. Mannose-capped
lipoarabinomannan purified from M.tb induces IL-37 production via enhancing TLR2 expression
in human type II alveolar epithelial cells; this process might contribute to the persistence of M.tb
infection [43]. Zhao et al. indicated that IL-37 is also a negative regulator of immune responses in
Listeria monocytogenes infection due to reduced production of colony-stimulating factors and increased
macrophage apoptosis [44]. In our earlier studies, the serum concentration of the IL-37 protein was
similar in the group of patients with active pulmonary TB and healthy individuals with or without
latent M.tb infection [21]. However, the complex co-expression between the two IL-18 inhibitors,
IL-18BP and IL-37, was identified as the strongest discriminative biomarker of active TB disease.

5. Conclusions

The role of IL-18, its binding protein IL-18BP, and IFN-γ in the development of the immune
response against mycobacteria was confirmed by observing the increased level of the expression of
these genes in the group of patients with active pulmonary TB. The reduced expression of IL-18R gene
in healthy individuals with latent TB infection can, at least partially, prevent the development of a
pathological inflammatory reaction and promote the maintenance of homeostatic conditions between
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host immunity and M.tb infection. In our future studies, we plan to test the expression of other genes
that are tightly co-regulated with the IL-18 pathway.
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Background: Differentiation of active pulmonary tuberculosis (TB) from non-mycobacterial community-
acquired pneumonia (CAP) still remains a diagnostic challenge.
Objective: The study aimed to quantify the IL-18, IFN-c, IL-18BP, IL-37, and IP-10 levels in serum and
Mycobacterium tuberculosis (M.tb) antigens-stimulated blood cultures from TB or CAP patients and
explore if the proteins can be a useful basis for discriminating these diseases.
Methods: In total, 124 Polish adults, including mild/moderate (M/MTB) or advanced (ATB) TB patients,
and CAP patients, were enrolled in the study. The concentrations of IL-18, IL-18BP, IFN-c, IL-37, and
IP-10 in sera and M.tb-stimulated cultures were measured by ELISA.
Results: The most specific and sensitive serum proteins discriminating TB from CAP were IP-10 and IL-
18BP; however, IP-10 had the highest AUC in the ROC curve for the diagnosis. Serum IP-10 and IL-
18BP levels increased significantly in M/MTB or ATB groups. The IL-18BP elevation in ATB group was
accompanied by an increase in IL-18. No single protein measured in M.tb-stimulated cultures differed
TB from CAP patients.
Conclusions: The combined analysis of serum IL-18BP and IP-10 might be considered as an auxiliary tool
in the differentiation of TB from CAP.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

According to the estimates of the World Health Organization,
tuberculosis (TB) affects about 10 million people in the world
and is a cause of 2 million deaths annually (WHO, 2018). Pul-
monary TB is the most common form of the disease; however,
the disease can develop in other organ systems such as the central
nervous system, skeleton, or gastrointestinal tract.

The immunology of TB is complex and multifaceted. The control
of M.tb infection mainly depends on the development of Th1 cell
immunity involving the participation of activated macrophages, T
lymphocytes, and their cytokines that affect interactions and activ-
ity of cells engaged in an antimycobacterial immune response. One
of the cytokines that have been implicated in both protective and
pathological processes associated with M.tb infection is IL-18,
which is produced by a wide range of immune cells such as mono-
cytes, macrophages, dendritic cells, epithelial cells, keratinocytes,
and synovial fibroblasts as well as T and B lymphocytes (Barksby
et al., 2007; Dima et al., 2015; Novick et al., 2013). Because of its
property to induce IFN-c in T cells and natural killer cells, IL-18
is considered a member of the Th1 cytokines family. The IL-18 pre-
cursor, pro-IL-18, requires cleavage to an active molecule by the
intracellular caspase-1 (Dinarello, 1998; Novick et al., 2013;
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Wawrocki and Druszczynska, 2017). After cleavage, approximately
20% of the mature cytokine is secreted from macrophages/mono-
cytes, whereas the remaining 80% of the pro-IL-18 remains unpro-
cessed inside the cells (Dinarello et al., 2013; Sugawara et al.,
2001). IL-18 binds the ligand-receptor IL-18Ra, inducing the
recruitment of IL-18Rb subunit to form a high-affinity complex,
which signals through the Toll/interleukin-1 receptor (TIR) domain
(Dinarello, 1999; Fields et al., 2019; Krumm et al., 2014; Plater-
Zyberk et al., 2001). This signalling domain recruits the adaptor
protein MyD88 that activates an NF-jB pathway and triggers a
pro-inflammatory signal. The activity of IL-18 can be suppressed
by extracellular interleukin 18 binding protein (IL-18BP) that binds
soluble IL-18 with a higher affinity than IL-18Ra and thus prevents
IL-18 binding to IL-18 receptor (Nakanishi et al., 2001; Yasuda
et al., 2019). IL-37is another endogenous factor that suppresses
the action of IL-18. IL-37 has high homology with IL-18 and can
bind to IL-18Ra, which then forms a complex with IL-18BP,
thereby reducing the activity of IL-18 (Dinarello et al., 2016;
Nold et al., 2010).

IL-18 is a potent immunoregulatory cytokine with various
immunological properties. It regulates the mechanisms of both
innate and adaptive immunity and plays a key role in host defense
(Banda et al., 2003; Biet et al., 2002; Kohno et al., 1997; Matsui
et al., 1997; Okamura et al., 1995; Wawrocki et al., 2016). The pri-
mary role of IL-18 is the induction of IFN-c production through its
synergistic action either with IL-12 or IL-15, which increases the
surface expression of IL-18Rb, a signal-transducing component of
the IL-18R complex (Wawrocki and Druszczynska, 2017). Addition-
ally, IL-18 promotes proliferation and activation of NK cells, polar-
izes T lymphocytes towards the Th1 phenotype, enhances CD8+ T
cell cytolytic activity and induces the synthesis of nitric oxide
(NO) as well as many cytokines and chemokines (TNF-a, GM-CSF,
IL-4, IL-5, IL-9, IL-13, IL-17) (Dima et al., 2015; Dinarello et al.,
2013; Gardella et al., 1999; Gutzmer et al., 2003). Although IL-18
functions as an important activator of the protective immune
response against intracellular pathogens, it is also implicated in
pathological processes leading to tissue damage (Wawrocki and
Druszczynska, 2017). Multiple studies have shown that overpro-
duction of IL-18 is involved in the pathogenesis of pulmonary
Table 1
Participant patients characteristics.

TB

Total Mild/M
(M/MT

N 89 50
Sex M/F 48/41 24/26
Ethnicity Caucasian Cauca
Age
median 50 55
range 19–81 23–79
years (IQR) 33–63 36–66
BCG vaccination 100% 100%
QFT result, N (%)
positive 51 (57%) 26 (52
negative 38 (43%) 24 (48
M.tb culture, N (%)
positive 49 (55%) 27 (54
negative 40 (45%) 23 (43
WBC, Counts/mm3 7200 6000
RBC, Counts/mm3 4,470,000 4,570,
HGB, g/dl 13 13.2
HCT, % 39 41
MCHC, g/dl 32 32
PLT, Counts/mm3 286,500 216,50

Abbreviations: ATB – advanced tuberculosis patients; M/MTB – mild/moderate tubercu
QFT – QuantiFERON TB Gold test; WBC - white blood cells; RBC – red blood cells; HGB – he
PLT – platelets.
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inflammation and lung injury in mice as well as idiopathic pul-
monary fibrosis (IPF), chronic obstructive pulmonary disease
(COPD) and granulomatous lung diseases in humans (Dima et al.,
2015; Kitasato et al., 2004; Okamoto et al., 2002; Pechkovsky
et al., 2006). The IL-18-driven inflammation has been shown to
be characterized by emphysema, airway fibrosis, mucus meta-
plasia, and vascular remodeling of the lungs (Abdel Fattah et al.,
2015; Hoshino et al., 2007; Nakajima and Owen, 2012).

Taking into account difficulties in the differentiation of pul-
monary TB from non-mycobacterial community-acquired lung
infections and biological activity of IL-18, we assessed serum and
specific M.tb antigens-stimulated whole blood culture levels of
IL-18 and IL-18BP in patients with active pulmonary TB having a
mild/moderate (M/MTB) or advanced (ATB) form of tuberculosis
and patients suffering from acute non-mycobacterial community-
acquired pneumonia (CAP). We also measured serum and M.tb-
stimulated concentration of IL-37, IFN-c, a key cytokine in antimy-
cobacterial immunity, and serum levels of IP-10 (IFN-c-inducible
protein 10), a chemokine mediating leukocyte recruitment and
activation. The aim of the study was to assess the usefulness of
combined analysis of the proteins as an auxiliary tool in the diag-
nosis of TB, including the disease caused by a small number ofM.tb
(paucibacillary TB), that cannot be confirmed bymycobacterial cul-
ture. Covering TB patients with mild/moderate (M/MTB) or
advanced (ATB) forms of tuberculosis can provide new information
on the involvement of IL-18 in the pathology of TB.
2. Materials and methods

2.1. Participants patients

In total, 124 M. bovis BCG-vaccinated adults of both genders,
18–81 years of age, admitted with a clinical diagnosis of lung dis-
ease to the Regional Specialized Hospital of Tuberculosis, Lung Dis-
eases, and Rehabilitation in Tuszyn, Poland, from March 2017 to
September 2018, were recruited into the study. The baseline demo-
graphic information for all participants included in the study is
shown in Table 1.
CAP

oderate Advanced
B) (ATB)

39 35
24/15 11/24

sian Caucasian Caucasian

42 52
19–81 19–85
30–58 38–68
100% 100%

%) 25 (64%) 0 (0%)
%) 14 (36%) 35 (100%)

%) 22 (56%) 0 (0%)
%) 17 (44%) 35 (100%)

8500 7200
000 4,290,000 4,550,000

12.8 13.5
39 41
32 32

0 342,000 272,000

losis patients; CAP - non-mycobacterial, community-acquired pneumonia patients;
moglobin; HCT – hematocrit; MCHC - mean corpuscular hemoglobin concentration;
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The final diagnosis of lung disease was established eight weeks
after the admission of the patients to the hospital. All of the
patients were diagnosed with extensive clinical evaluation, includ-
ing clinical manifestations, TB contact history, sputum smear of
acid-fast bacilli (AFB), a culture ofM.tb, and chest radiography. This
allowed classification of the patients into the following two
groups: group 1, consisting of 89 patients (48 men, 41 women)
diagnosed with pulmonary TB confirmed by M.tb sputum culture,
typical clinical symptoms, characteristic features on radiographs
and proper responses to anti-TB treatment (TB patients), and group
2, consisting of 35 patients (11 men, 24 women) suffering
from non-mycobacterial, community-acquired pneumonia (CAP)
with triple-negative M.tb sputum culture and no previous TB
history, treated and cured with wide-range antibiotics, i.e.,
amoxicillin/clavulanic acid, clarithromycin, clindamycin, ceftriaxone,
ciprofloxacin, doxycycline (CAP patients). Based on the extent of
the lesions in the lung tissue, the TB patients were classified as
having: mild/moderate TB (lesions within the unilateral lung field)
(M/MTB) or advanced TB (lesions beyond the unilateral lung field)
(ATB). None of the individuals had evidence of HIV infection or
being treated with steroids or other immunosuppressive or anti-
tubercular drugs at the time of blood sampling. The study was
approved by the Ethics Committee of the University in Lodz, Poland
(ethical approval number 17/KBBN-UŁ/II/2016; date 2016/11/10).
Informed consent to use blood for research purposes was signed
by all participants.

2.2. Blood samples

Blood specimens (5 ml), taken from all the patients shortly after
the admission to the hospital prior to the start of the treatment,
were used to prepare serum and perform a whole-blood
interferon-gamma assay (QuantiFERON-TB� Gold Plus (QFT), Qia-
gen, Germany). The QFT assay was conducted according to the
manufacturer’s instructions, as described in detail previously. The
results were analyzed by the QuantiFERON-TB Gold Plus Analysis
Software and evaluated according to the manufacturer’s criteria.
The result was considered positive if the difference between the
IFN-c level in plasma incubated with TB antigen and Nil control
was both �0.35 IU/ml and �25% of Nil control value.

2.3. IL-18, IL-18BP, IL-37, IFN-c, IP-10 assays

The concentrations of IL-18, IL-18BP, and IL-37 in sera and in
the QFT culture supernatants were determined using commercial
specific enzyme-linked immunosorbent assays (Human Total IL-
18 DuoSet (R&D, Minneapolis, USA), Human IL-18BPa DuoSet
(R&D) and Human IL-37/IL-1F7 Duoset (R&D), Human IFN-
cDuoset (R&D) and Human IP-10 Duoset ELISA (R&D)), and pro-
cessed according to the manufacturer’s specifications. After mea-
suring the concentrations of both IL-18 and IL-18BP in each
sample, the law of mass action was used to calculate the level of
free IL-18. Single IL-18BP molecule binds a single molecule of IL-
18, that interaction has a dissociation constant (Kd) of 0.4 nM.
Therefore, the level of free IL-18 was calculated from the equation

x ¼ �b�
ffiffiffiffiffiffiffiffiffiffiffi

b2�4ac
p
2a where x is [IL-18free], b is = [IL-18BP] – [IL-18] + Kd,

and c is -Kd � [IL-18] (Migliorini et al., 2010). The absorbance was
measured using the Victor 2 Multi-Label Counter Microplate
Reader (Wallac Oy, Turku, Finland).

2.4. Statistical analysis

Non-parametric tests were used to compare protein levels
between the diagnostic groups: Mann Whitney U test for two-
group comparisons and Kruskal-Wallis tests for multiple groups.
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Categorical variables were compared using two-tailed chi-square
tests. A p-value < 0.05 was considered statistically significant.
Receiver operating characteristics (ROC) curve analysis was used
to determine the analytic sensitivity and specificity of each studied
protein. Optimal sensitivity and specificity were estimated using
the Youden’s index. The likelihood ratios were used for assessing
the value of performing a diagnostic test. Statistical analyses were
done using Statistica 12 PL (Statsoft, Poland), MedCalc (NY, USA)
and GraphPad Prism 8 (GraphPad Software, USA) software.
3. Results

3.1. Patient characteristics

The characteristics of the study participants are summarized in
Table 1. The group comprised 89 patients diagnosed with active
pulmonary tuberculosis (TB) and 35 patients suffering from non-
mycobacterial community-acquired pneumonia (CAP). There were
no differences between the studied groups regarding the age or
BCG vaccination rates. The proportion of men in the TB group
was significantly higher than in the CAP group (p < 0.05). Based
on the type and extent of pulmonary lesions, TB patients were cat-
egorized as having mild/moderate TB (M/MTB; n = 50) or advanced
TB (ATB; n = 39). M/MTB patients had a single lobe involved or pre-
sented unilateral involvement of two or more lobes with possible
cavities reaching a diameter no greater than 4 cm, whereas ATB
cases were characterized by bilateral lung changes with massive
affectation and multiple cavities. Forty-nine (55%) of TB patients
had a positive sputum culture for M.tb. The frequency of culture-
confirmed TB was similar among M/MTB (54%) and ATB (56%)
group. Forty (45%) of M.tb culture-negative TB patients were diag-
nosed on the basis of clinical manifestations, typical features on
chest radiographs, and proper response to anti-tuberculous treat-
ment. A positive QFT result was observed in 52% and 64% of M/
MTB and ATB patients, respectively, and none of the CAP individu-
als. Four out of 50 (8%) M/MTB patients and 5 out of 39 (13%) ATB
patients had a history of healed pulmonary TB. The percentage of
underlying diseases did not differ significantly between the stud-
ied TB groups. Four out of 50 (8%) M/MTB patients and 2 out of
39 (5%) ATB patients suffered from diabetes. Similar percentages
of M/MTB and ATB patients suffered from cardiovascular diseases
(18% vs. 15%) and neurological diseases (4% vs. 2.5%). Chronic renal
failure was diagnosed in 5 (10%) and 1 (2.5%) M/MTB and ATB
patients, respectively. One person from the CAP group had sar-
coidosis. There were no differences in the median values of WBC,
RBC, PLT counts, and other hematological parameters between
M/MTB, ATB, and CAP groups (Table 1).
3.2. Analysis of serum IL-18, IL-18BP, IL-37, IFN-c, and IP-10 levels

We compared the median concentrations of IL-18 (total and
free), IL-18BP, IL-37, IFN- c, and IP-10 in the sera from the TB
(M/MTB and ATB at the same time), and the CAP patients using
Kruskal-Wallis tests. The levels of studied proteins measured in
the sera are shown in Fig. 1a–e. The concentration of total IL-18
in the sera from the ATB patients (Me 895.63, IQR (416.28,
1146.51) pg/ml) was significantly higher (p = 0.01) than that found
in the CAP individuals (Me 530.58, IQR (238.27, 792.12), however,
similar levels of total IL-18 were observed in the CAP and M/MTB
groups (Me 553.85, IQR (377.58, 830.58) pg/ml) (Fig. 1a). The
serum IL-18BP concentration was comparably increased in both
TB groups: ATB – Me 44.66, IQR (31.69, 70.00) ng/ml and M/MTB
- Me 44.66, IQR (32.45, 66.92) ng/ml, as compared to the level of
IL-18BP observed among the CAP patients (Me 35.36, IQR (23.41,
46.26) ng/ml) (p � 0.01) (Fig. 1b). There were no differences in



Table 2
Predictive values (AUC) of individual protein levels measured in serum.

Protein ROC analysis ROC analysis ROC analysis

Total TB vs CAP M/MTB vs CAP ATB vs CAP

AUC 95% CI p-value AUC 95% CI p-value AUC 95% CI p-value

total IL-18 0.635 0.544–0.720 0.017 0.592 0.480–0.697 0.160 0.685 0.567–0.787 0.002
free IL-18 0.521 0.429–0.611 0.727 0.517 0.406–0.626 0.796 0.579 0.459–0.692 0.250
IL-18BP 0.678 0.588–0.759 0.0005 0.679 0.568–0.776 0.001 0.685 0.567–0.787 0.002
IL-37 0.557 0.403–0.669 0.560 0.528 0.416–0.637 0.675 0.535 0.416–0.651 0.609
IFN-c 0.533 0.441–0.623 0.546 0.509 0.399–0.620 0.881 0.597 0.478–0.709 0.141
IP-10 0.686 0.596–0.766 0.0005 0.713 0.605–0.806 0.0003 0.659 0.541–0.765 0.013

Fig. 1. Serum levels of total and free IL-18, IL-18BP, IL-37, IFN-c and IP-10 in the groups of the study. Boxplots with median (horizontal line within the box), interquartile
range (box limits), and extremes (whiskers) of serum levels of total IL-18 (a), IL-18BP (b), free IL-18 (c), IL-37 (d), IFN-c (e) and IP-10 (f) in the groups of patients with
mild/moderate tuberculosis (M/MTB), advanced tuberculosis (ATB) and community-acquired pneumonia (CAP).
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the serum concentrations of free IL-18 between the M/MTB (Me
4.68, IQR (3.01, 10.29) pg/ml) and the ATB (Me 7.63, IQR (4.54,
10.78) as well as among the CAP individuals (Me 5.16, IQR (2.86,
10.29) pg/ml). (Fig. 1c). Similarly, the serum levels of IL-37 among
the M/MTB, ATB, and CAP groups were comparable, measuring
66.24, IQR (15.42, 223.00) pg/ml, 102.62, IQR (6.83, 236.57) pg/
ml and 63.4, IQR (6.95, 444.63) pg/ml, respectively (Fig. 1d). As
shown in Fig. 1e, the serum level of IP-10 was significantly higher
in both TB groups (M/MTB – Me 41.53, IQR (23.10, 62.80) pg/ml;
ATB - Me 47.37, IQR (14.78, 124.28) pg/ml) than in the group of
CAP patients (Me 19.60, IQR (13.51, 35.22) pg/ml. The concentra-
tion of IFN- c observed in the sera from the M/MTB and CAP
patients, was similar, measuring 6.07, IQR (3.31, 11.49) pg/ml
and 6.38, IQR (4.28, 11.03) pg/ml, respectively, with a slightly ele-
vated level of this cytokine in sera ATB patients (Me 8.59, IQR (4.53,
19.91) pg/ml.

The analysis of ROC was performed to detect the proteins with
the expression levels most discriminative of the M/MTB, ATB, and
CAP groups. Among the studied serum proteins, IP-10 showed the
highest area under the ROC curve (AUC), namely 0.686 (95% CI
0.596–0.766, p = 0.0005) (Table 2, Fig. 2e). The AUCs of the other
two proteins – IL-18BP and total IL-18 were also significantly
higher than a random assignment, 0.678 (95% CI 0.588–0.759,
p = 0.0005), and 0.635 (95% CI 0.544–0.720, p = 0.017),
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respectively. The best AUC values in M/MTB vs CAP differentiation
were observed for IP-10 (AUC = 0.713, 95% CI 0.605–0.806,
p = 0.0003) and IL-18BP (AUC = 0.679, 95% CI 0.568–0.776,
p = 0.0019), whereas in ATB vs CAP discrimination the best AUC
values in the case of IL-18BP and total IL-18 (AUC = 0.685, 95% CI
5.567–0.787, p = 0.0026) (Table 2, Fig. 2).

The most sensitive and specific serum proteins that discrimi-
nated total TB from CAP were IP-10 and IL-18BP (Table 3). The
sensitivity and specificity of the ELISA assay corresponding to the
cut-off of 39.11 pg IP-10/ml were 56.18% and 82.86%, respectively,
whereas the cut-off of 41.40 ng IP-18BP /ml corresponded to the
sensitivity of 57.30% and specificity of 71.43%. IL-18BP and IP-10
also had the highest sensitivity and specificity in differentiating
the M/MTB from CAP and ATB from CAP (Table 3). Serum IFN-c
weakly differentiated the ATB from CAP (the cut-off of 17.68 pg
IFN-c/ml corresponding to the sensitivity of 32.5% and specificity
of 91.43%), but it did not discriminate the M/MTB from CAP.

At the same time, it is worth noting that the analyses of IL-18,
IL-18BP, IL-37, IFN-c and IP-10 levels in the sera from the
culture-positive and culture-negative M/MTB or ATB patients
showed no significant differences (Table 4).

The analysis of dependence between the levels of all proteins
revealed a certain correlation, that was specific for all study groups
(IL-18BP and IP-10), some associations specific for a part of them



Fig. 2. ROC analysis of serum proteins: total IL-18 (a), IL-18BP (b), free IL-18 (c), IL-37 (d), IP-10 (e), IFN-c (f).

Table 3
Sensitivity, specificity, and optimal cut-off values of individual proteins measured in serum.

Protein Sensitivity Specificity Cut-off Likelihood ratio
(%) (%)

total TB vs CAP total IL-18 91.01 40.00 281.40 pg/ml 1.74
free IL-18 48.31 62.86 6.01 pg/ml 1.06
IL-18BP 57.30 71.43 41.40 ng/ml 1.87
IL-37 79.78 40.00 259.33 pg/ml 1.07
IFN-c 22.47 91.43 17.68 pg/ml 1.30
IP-10 56.18 82.86 39.11 pg/ml 1.93

M/MTB vs CAP total IL-18 92.00 40.00 281.40 pg/ml 1.53
free IL-18 46.00 68.57 4.00 pg/ml 1.46
IL-18BP 42.00 91.43 53.72 ng/ml 4.9
IL-37 80.00 37.14 259.33 pg/ml 1.27
IFN-c 86.00 0.00 30.82 pg/ml 0.86
IP-10 66.00 77.14 35.22 pg/ml 2.89

ATB vs CAP total IL-18 90.00 40.00 281.40 pg/ml 1.5
free IL-18 62.50 62.86 6.01 pg/ml 1.68
IL-18BP 62.50 71.43 41.41 ng/ml 2.19
IL-37 87.50 28.57 352.64 pg/ml 1.22
IFN-c 32.50 91.43 17.68 pg/ml 3.79
IP-10 55.00 82.86 39.11 pg/ml 3.21
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(i.e., IFN-c and IP-10 for M/MTB and ATB), and others only for one
group (IL-37 and IP-10 for CAP) (Table 3). IL-18 ~ IFN-c and IL-
18BP ~ IFN-ccorrelations were specific for the ATB, but not the
M/MTB group. The summary results of the correlation analysis
are reported in Table 5.

3.3. M.tb antigens-stimulated IL-18, IL-18BP, and IL-37 responses

The median concentrations of IL-18, IL-18BP, and IL-37 in M.tb
antigens-stimulated QFT supernatants are presented in Fig. 3a–e.
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The antigen-specific responses of the studied proteins were evalu-
ated by subtraction of the unstimulated levels from the antigen-
stimulated concentrations. There were no significant differences
in the M.tb antigens-stimulated levels of total IL-18 among the
patients with TB (M/MTB - Me 723.54, IQR (410.68, 1039.90) pg/
ml, ATB - Me 806.98, IQR (452.18, 1121.67) pg/ml) and the CAP
individuals (Me 688.11, IQR (332.0, 903.0) pg/ml (Fig. 3a). As
shown in Fig. 3b, IL-18BP concentrations in QFT cultures from
the M/MTB, ATB and CAP groups were similar, reaching 38.93,
IQR (28.71, 51.28) ng/ml, 45.65, IQR (33.13, 81.79) ng/ml and



Fig. 3. Total IL-18, IL-18BP, free IL-18, IL-37 and IFN-c levels in M.tb antigens-stimulated supernatants. Boxplots with median (horizontal line within the box), interquartile
range (box limits), and extremes (whiskers) of serum levels of total IL-18 (a), IL-18BP (b), free IL-18 (c), IL-37 (d),and IFN-c (e) in the groups of patients with mild/moderate
tuberculosis (M/MTB), advanced tuberculosis (ATB) and community-acquired pneumonia (CAP).

Table 4
Total IL-18, IL-18BP, free IL-18, IL-37, IFN-c and IP-10 levels in the sera from the culture-positive and culture-negative M/MTB or ATB patients.

Protein Concentration
Me (IQR)
TB M/MTB ATB

Culture-positive Culture-negative Culture-positive Culture-negative Culture-positive Culture-negative

total IL-18 719.46 490.78 588.27 483.72 967.78 549.81
(465.67–1146.10) (341.27–928.97) (444.17–963.75) (311.63–830.58) (551.64–1297.84) (376.73–953.65)

free IL-18 6.18 4.33 5.53 3.61 8.81 6.41
(4.23–11.26) (2.72–8.32) (3.93–12.8) (2.24–7.04 (4.66–11.18) (3.78–8.41)

IL-18BP 44.99 40.19 41.72 57.64 46.82 36.43
(35.27–59.62) (30.82–77.21) (29.66–56.92) (33.22–83.17) (41.81–80.66) (26.70–50.42

IL-37 67.32 97.34 67.32 65.20 66.23 106.42
(6.29–228.52) (20.43–241.17) (9.49–236.92) (15.42–223.00) (5.94–225.84) (26.97–292.27)

IFN-c 8.80 5.71 8.45 4.70 10.36 5.86
(4.46–20.69) (3.27–11.05) (3.27–16.24) (3.31–9.38) (5.46–24.69) (3.22–13.32)

IP-10 51.67 37.14 41.02 42.04 64.32 16.92
(26.85–80.71) (14.59–66.07) (23.10–74.00) (22.91–57.67) (31.41–130.46) (11.10–69.55)

Table 5
Correlation and p-values between protein levels measured in serum.

Proteins TB M/MTB ATB CAP

r p r p r p r p

IL-18 ~ IL-18BP 0.237 0.025 0.036 0.801 0.445 0.004 0.121 0.488
IL-18 ~ IL-37 �0.018 0.867 0.012 0.929 �0.039 0.812 0.033 0.848
IL-18 ~ IFN-c 0.360 0.001 0.206 0.150 0.462 0.003 �0.147 0.398
IL-18BP ~ IL-37 �0.146 0.173 �0.159 0.268 �0.135 0.410 �0.101 0.561
IL-18BP ~ IFN-c 0.327 0.002 0.266 0.061 0.389 0.014 �0.162 0.350
IL-37 ~ IFN-c �0.079 0.463 �0.173 0.229 0.185 0.257 0.199 0.250
IL-18 ~ IP-10 0.222 0.037 0.166 0.121 0.271 0.047 0.010 0.475
IL-18BP ~ IP-10 0.597 <0.0001 0.224 0.050 0.468 0.001 0.334 0.024
IL-37 ~ IP-10 0.068 0.526 0.118 0.203 �0.012 0.470 0.276 0.050
IFN-c ~ IP-10 0.412 <0.0001 0.235 0.047 0.537 0.001 0.199 0.125
free IL-18 ~ IL-18BP �0.420 <0.0001 �0.545 <0.0001 �0.274 0.092 �0.332 0.052
free IL-18 ~ IL-37 �0.143 0.181 0.066 0.650 0.015 0.926 0.0729 0.677
free IL-18 ~ IFN-c 0.093 0.386 0.045 0.758 0.119 0.472 �0.277 0.107
free IL-18 ~ IP-10 �0.004 0.969 0.084 0.562 �0.096 0.560 �0.223 0.198
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48.68, IQR (36.05, 68.72) ng/ml, respectively. There were no signif-
icant differences in the levels of free IL-18 in M.tb antigens-
stimulated QFT whole blood cultures among the studied groups
(M/MTB - Me 8.43, IQR (4.96, 10.74) pg/ml, ATB – Me 8.46, IQR
(3.28, 11.74) pg/ml, CAP � 5.80, IQR (2.50, 9.76) pg/ml) (Fig. 3c).
The concentrations of IL-37 observed in QFT cultures from the M/
MTB and ATB groups were comparable, measuring 274.87, IQR
(156.63, 548.12) pg/ml, and 260.27, IQR (195.99, 465.44) pg/ml,
respectively (Fig. 3d). The level of the cytokine in both TB groups
was similar to that observed in the CAP patients (Me 257.36, IQR
(128.50, 556.03) pg/ml).

The ROC analyses showed that among proteins measured in QFT
supernatants, free IL-18 had the best diagnostic value in the differ-
entiation between total TB and CAP with an AUC of 0.614 (95% CI
0.523–0.700, p = 0.045) (Table 6, Fig. 4c). IL-18BP had the highest
AUC value (AUC = 0.645, 95% CI 0.533–0.745, p = 0.019) in the
M/MTB vs CAP comparison, whereas free IL-18 (AUC = 0.602, 95%
CI 0.483–0.714, p = 0.12) in the ATB vs CAP comparison (Table 6,
Fig. 4).
Table 6
Predictive values (AUC) of individual protein levels measured in QFT supernatants.

Protein ROC analysis ROC analysis

Total TB vs CAP M/MTB vs CAP

AUC 95% CI p-value AUC

total IL-18 0.576 0.484–0.664 0.182 0.555
free IL-18 0.614 0.523–0.700 0.045 0.632
IL-18BP 0.596 0.504–0.683 0.092 0.645
IL-37 0.524 0.432–0.614 0.707 0.525

Fig. 4. ROC analysis of M.tb antigens-stimulated supernatants proteins
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IL-18BP measured in M.tb antigens-stimulated QFT super-
natants was the most sensitive and specific cytokine to discrimi-
nate the total TB group from the CAP group (Table 7). The
sensitivity and specificity of the ELISA assay corresponding to the
cut-off of 45.65 ng IL-18BP/ml were 58.43% and 62.86%, respec-
tively. Similarly, IL-18BP was characterized by the highest sensitiv-
ity and specificity in the differentiation between the M/MTB and
CAP groups, whereas IL-37 was the most sensitive and specific
marker in the ATB vs. CAP differentiation (Table 7).

The analyses of IL-18, IL-18BP, IL-37, IFN-c and IP-10 levels in
M.tb antigens-stimulated QFT supernatants from culture-positive
and culture-negative M/MTB or ATB patients showed no significant
differences (Table 8).

The correlation analysis between the levels of all cytokines
measured in QFT supernatants showed that free IL-18 ~ IL-18BP
correlation was specific for all study groups, whereas the correla-
tion between IL-18 ~ IL-18BP was specific only for the group of
M/MTB patients. The summary results of the correlation analysis
are reported in Table 9.
ROC analysis

ATB vs CAP

95% CI p-value AUC 95% CI p-value

0.443–0.663 0.393 0.594 0.475–0.706 0.156
0.520–0.734 0.036 0.602 0.483–0.714 0.120
0.533–0.745 0.019 0.519 0.401–0.636 0.776
0.414–0.635 0.703 0.526 0.407–0.642 0.714

: total IL-18 (a), IL-18BP (b), free IL-18 (c), IL-37 (d), and IFN-c (e).



Table 7
Sensitivity, specificity, and optimal cut-off values of individual proteins measured in M.tb antigens-stimulated QFT supernatants.

Protein Sensitivity Specificity Cut-off Likelihood ratio
(%) (%)

Total TB vs CAP total IL-18 32.58 88.57 994.8 pg/ml 1.42
free IL-18 53.93 68.57 8.12 pg/ml 1.50
IL-18BP 58.43 62.86 45.65 ng/ml 1.35
IL-37 70.79 42.86 193.28 pg/ml 0.98

M/MTB vs CAP total IL-18 94.00 22.86 293.77 pg/ml 1.22
free IL-18 72.00 54.29 5.91 pg/ml 1.57
IL-18BP 64.00 62.86 44.02 ng/ml 1.72
IL-37 30.00 57.14 417.59 pg/ml 0.70

ATB vs CAP total IL-18 37.50 88.57 994.8 pg/ml 3.28
free IL-18 47.50 74.29 >9.14 pg/ml 1.85
IL-18BP 77.50 42.86 >193.2 ng/ml 1.36
IL-37 70.00 94.29 >23.23 pg/ml 12.25

Table 8
Total IL-18, IL-18BP, free IL-18, IL-37 levels in QFT supernatants from culture-positive and culture-negative M/MTB or ATB patients.

Protein Concentration
Me (IQR)
TB M/MTB ATB

Culture-positive Culture-negative Culture-positive Culture-negative Culture-positive Culture-negative

total IL-18 773.24 749.81 744.29 626.18 876.88 765.47
(449.24–1076.76) (421.14–1080.21) (467.68–1039.90) (372.86–1166.25) (440.42–1146.72) (535.28–1038.75)

free IL-18 9.00 6.05 8.48 6.69 9.74 5.64
(6.16–11.85) (3.33–10.05) (6.91–10.74) (4.10–11.78) (3.70–15.22) (3.15–10.05)

IL-18BP 39.76 43.69 37.08 40.77 42.50 49.26
(27.55–53.02) (33.88–64.46) (27.55–53.67) (33.71–53.67) (28.07–58.25) (41.55–81.94)

IL-37 271.50 274.87 271.50 276.50 265.93 256.08
(162.67–421.87) (178.02–614.73) (133.84–413.92) (181.50–778.70) (204.69–465.44) (135.87–443.72)

Table 9
Correlation and p-values between the protein levels measured in QFT supernatants.

Proteins TB M/MTB ATB CAP

r p r p r p r p

IL-18 ~ IL-18BP 0.209 0.051 0.285 0.044 0.056 0.732 0.061 0.725
IL-18 ~ IL-37 �0.123 0.250 �0.117 0.418 �0.117 0.478 0.055 0.751
IL-18BP ~ IL-37 �0.071 0.506 �0.100 0.487 �0.029 0.587 �0.241 0.163
Free IL-18 ~ IL-18BP �0.499 <0.0001 �0.358 0.011 �0.623 <0.0001 �0.525 0.001
Free IL-18 ~ IL-37 �0.047 0.660 0.005 0.972 �0.100 0.545 �0.016 0.929
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3.4. Cytokine ratios measured in serum or M.tb antigens-stimulated
QFT supernatants

The discriminative power of the ratios in serum or M.tb
antigens-stimulated cultures between any two of the studied pro-
teins (total IL-18, free IL-18, IL-18BP, IL-37, and IP-10) was ana-
lyzed in the M/MTB, ATB, and CAP groups. The highest
discriminative power (of all ratios for proteins measured in
serum): (1) between M /MTB and CAP was achieved by free IL-
18/IP-10 ratio (AUC = 0.643) as well as IL-18BP/free IL-18 ratio
(AUC = 0.615); (2) between ATB and CAP was achieved by IL-18/
IL-37 ratio (AUC = 0.603) as well as free IL-18/IP-10 ratio
(AUC = 0.568), (3) between M/MTB and ATB was achieved by total
IL-18/IL-37 ratio (AUC = 0.606) as well as IL-18BP/IL-37 ratio
(AUC = 0.602). On the other hand, the highest discriminative power
(of all ratios for proteins measured in the culture supernatants): (1)
between M/MTB and CAP and between ATB and CAP was achieved
by IL-18BP/free IL-18 ratio (AUC = 0.669 and AUC = 0.584, respec-
tively) as well as free IL-18/IL-37 ratio (AUC = 0.583 and
AUC = 0.576, respectively); (2) between M/MTB and ATB was
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achieved by IL-18BP/free IL-18 ratio (AUC = 0.574) as well as IL-
18BP/total IL-18 ratio (AUC = 0.562).

3.5. Penalized multiple logistic regression for comparison between the
study groups.

Measuring multiple protein levels in serum and cultured super-
natants, we aimed to develop a linear model with the highest dis-
criminative power between the study groups. Due to the small
sample size, it was first aimed to increase discriminative power
by regressing out potential confounders. Therefore, we first asked
the question of whether the abundance of certain circulating cells
could affect the concentration of proteins. We performed a boot-
strapped (300 replicates) 5-fold cross-validation feature selection
analysis based on penalized multivariate linear regression
(elastic-net) to find that for the protein levels measured in serum
the significant predictors were RBC, HGB, and HCT, whereas for
the protein levels measured in culture supernatants the informa-
tive features were HGB and HCT. Subsequently, for each protein
separately, we regressed out the effect of the selected features with
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the use of standard linear models. In what follows, we trained four
logistic elastic-net models (one for each group-wise comparison in
one of the two compartments separately) using the above residuals
as predictors. We found IL-18 and IL-18BP to be weak predictors in
serum and no predictors in culture supernatants to be informative
of the M/MTB versus CAP status. As far as the CAP versus ATB com-
parison is concerned, we found IL-18BP, free IL-18, and IL-37 in
serum and IL-18 as well as IL-18BP to be associated with odds ratio
in the culture supernatants. The results are summarized in Supple-
mentary Table S1.
4. Discussion

In addressing the need for rapid and accurate diagnostic tests
allowing the differentiation of active pulmonary TB from non-
mycobacterial community-acquired pneumonia, we estimated if
individual protein levels (IL-18, IL-18BP, IL-37, IFN-c, and IP-10)
and/or their ratios, might be considered auxiliary immunological
biomarkers.

In a recent study, performed among TB patients and healthy
volunteers, we detected an imbalance between the members of
the IL-18 signalling complex in active TB, which resulted in a
significant increase in the serum levels of total IL-18, IL-18BP,
IFN-c and IP-10 and a simultaneous decrease in the concentration
of the anti-inflammatory IL-37 (Wawrocki et al., 2019).

In the current study, we found the potential of IL-18BP and IP-
10 in the differentiation of the whole group of TB and CAP patients
(Table 2). The highest discriminative power was found for IP-10
and IL-18BP measured in serum. The potential of IL-18BP and IP-
10 in the differentiation of pulmonary TB and non-mycobacterial
lung infections, to the best of our knowledge, had not been demon-
strated before. We detected AUCs at the level of 0.686 for IP-10 and
0.678 for IL-18BP for the discrimination between TB and CAP
patients.

As a naturally occurring inhibitor of IL-18, IL-18BP neutralizes
the circulating IL-18. The consequences of IL-18 neutralization
can include down-regulating Th1 immune response, blocking the
expansion of Th17 cells, and inhibiting the infiltration of T lympho-
cytes into the sites of inflammation (Chiossone et al., 2012;
Millward et al., 2010; Plitz et al., 2003). Significant overproduction
of serum IL-18BP in the group of TB patients may be interpreted as
a feedback mechanism that limits excessive IL-18 activity. How-
ever, we hypothesize that the process of modifications in the IL-
18 signaling system in active TB is more complex. In the group of
M/MTB patients categorized as having mild/moderate TB, the
upregulated level of IL-18BP was accompanied by no visible
increase in the IL-18 level. At the same time, in the group of
patients with advanced TB (ATB), the upregulation of IL-18BP and
IL-18 was observed simultaneously (Fig. 1A and B). As a conse-
quence, the correlation between IL and 18 and IFN-c as well as
IL18BP and IFN-c, was specific for the ATB but not the M/MTB
group. Interestingly, the association between free IL-18 and IL-
18BP was noted as specific for M/MTB group. Moreover, the highest
discriminative power between M/MTB and ATB was achieved by
total IL-18/IL-37 ratio (AUC = 0.606) as well as IL-18BP/IL-37 ratio
(AUC = 0.602), confirming previously observed imbalance between
the members of the IL-18 signaling complex in active pulmonary
TB, in the study performed among TB patients and healthy volun-
teers(Wawrocki et al., 2019). Based on our results, we hypothesize
that the elevated levels of IL-18BP were sufficient to counteract the
increase in the IL-18 level in the M/MTB group but not sufficient in
the ATB patients with a more advanced lung injury. This is proba-
bly due to the more efficient production of IL-18 in the ATB than in
the M/MTB patients. The role of IL-18 produced by alveolar epithe-
lial cells type II in pathomechanisms of pulmonary TB has been
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proposed by Pechcovsky et al.. A significant increase in the serum
levels of IL-18, IFN-c and soluble Fas in complicated TB cases as
compared to uncomplicated ones was considered as a marker sug-
gesting pulmonary TB, especially in advanced cases. Fas signaling
triggers apoptosis and the production and release of mature IL-
18. Biologically active IL-18 is able to enhance NK and T cell cyto-
toxicity and induce the production of matrix metalloproteinases, a
process essential for the development of inflammatory reaction
and tissue damage. Thus, the overproduction of IL-18 could explain
a more advanced lung injury in the ATB patients as compared to
the M/MTB group (El-Masry et al., 2007; Pechkovsky et al., 2006).

To explain the simultaneous overproduction of IL-18BP and IL-
18 in the ATB patients and the selective intensification of IL-18BP
in the M/MTB patients, it is worth mentioning that various iso-
forms of IL-18BP have different affinity for IL-18. For example, IL-
18BPa and IL-18BPc effectively neutralize IL-18, while IL-18BPb
and IL-18BPd isoforms lack the ability to bind and neutralize IL-
18 (Kim et al., 2000). It is likely that the simultaneous increase in
the IL-18BP and IL-18 levels in the ATB group, at least in part,
may be a result of the preferential secretion of nonfunctional iso-
forms of IL-18BP. This observation may point to IL-18BP as a poten-
tial target in novel therapeutic approaches. A number of studies
demonstrated the use of IL-18BP in the treatment of IL-18-
associated diseases characterized by an abnormal ratio of IL-18/
IL-18BP in body fluids. The administration of exogenous IL-18BP
is a promising therapeutic strategy in psoriasis, experimental
autoimmune encephalomyelitis, contact hypersensitivity, rheuma-
toid arthritis, LPS-induced shock, and atherosclerosis (Banda et al.,
2003; Chiossone et al., 2012; Faggioni et al., 2001; Millward et al.,
2010; Plitz et al., 2003; Schif-Zuck et al., 2005; Tak et al., 2006).
Experimental data indicated that the IL-18BP-driven reduction in
cell activity was dose-dependent; however, treatment with low,
but not with high, doses of IL-18BP was shown to be the most
effective in vivo (Banda et al., 2003).

The results of our study indicate a potential role of IL-18 in the
pathomechanisms of pulmonary TB. It is important to note that IL-
18 cannot serve as an indicator for differential diagnosis between
active TB and non-mycobacterial community-acquired pneumonia,
as indicated by the weak discriminative power. We show that the
levels of total IL-18 in the sera from the M/MTB and CAP patients
were comparable, although significantly higher in ATB patients as
compared to the CAP group. Similarly, the discriminative power
of the ratios analyzed between any of the two of the studied pro-
teins measured in serum differed between the TB groups. The free
IL-18/IP-10 ratio and IL-18BP/free IL-18 measured in serum was
the best scoring in the discrimination analysis between M/MTB
and CAP groups, whereas the highest importance scores for classi-
fication between ATB and CAP were assigned to serum total IL-18/
IFN-c and IL-18BP/IFN-c. In contrast, IL-18BP/IP10 ratio measured
in serum showed the highest discriminative power for distinguish-
ing the entire TB group from the CAP patients. Various studies
showed that the cytokines ratios might act as more discriminatory
and sensitive TB indicators than assessing a single protein level
(Demissie et al., 2004; Goyal et al., 2016; Joshi et al., 2015; Sun
et al., 2016; Suter-Riniker et al., 2011; Wassie et al., 2008). Goyal
et al. showed a potential role of the IFN-c/IL-2 ratio in the diagno-
sis of extrapulmonary TB, Demissie et al. reported a discriminative
power of the IL-4/IL-4d2 in the evaluation of M.tb reactivation risk
among latently infected individuals, whereas Wassie et al. demon-
strated that IFN-c/IL-4 and IL-4d2/IL-4 mRNA ratios could serve as
valuable markers for TB susceptibility (Demissie et al., 2004; Goyal
et al., 2016; Wassie et al., 2008).

The second part of our studies was to check whether the indi-
vidual and pairwise related IL-18 (total and free), IL-18BP and IL-
37 levels, as well as their ratios, measured in M.tb specific
antigen-stimulated QuantiFERON culture supernatants, might be
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considered auxiliary immunological biomarkers in the differentia-
tion between patients with active TB and patients with
community-acquired pneumonia. We found no significant differ-
ences in the levels of individual proteins of the IL-18 signaling
complex in M.tb antigens-stimulated QFT cultures among the TB
patients categorized as having mild/moderate TB or advanced TB
and patients with CAP. In contrast, the serum IL-18BP, IP-10, and
IL-18 levels were able to differentiate between TB and CAP
patients. In this way, we confirmed our earlier suggestion that
the unstimulated serum biomarker performance is a better
approach to diagnose patients with active TB, differentiate them
from CAP patients, but also from healthy individuals with a latent
M.tb infection and uninfected (Wawrocki et al., 2019). In the corre-
lation analysis between levels of IL-18, IL-18 BP, and IL-37 mea-
sured in QFT supernatants, we demonstrated that free IL-18 and
IL-18BP correlation was specific for all study groups. On the other
hand, the correlation between total IL-18 and IL-18BP was specific
for the M/MTB group, but not for the ATB group. In the interpreta-
tion of our results on the discriminative power of the levels of the
IL-18 signalling complex proteins in QFT whole blood cultures (for
TB and CAP patients), it should be noted that the production of
cytokines by peripheral blood mononuclear cells is variable and
it is influenced by many heritable and non-heritable factors
(Schirmer et al., 2018). Genetic variation in individual genes and
pathways responsible for cytokine production capacity can be a
significant part of cytokine production variability observed among
individuals. Non-heritable factors, including age, body weight, and
composition of the human microbiome, can also drive variation in
baseline cytokine levels. Thus, cytokine variability may have
important implications for clinical practice, and the caution in
interpreting the results is required to distinguish the immune
response to a specific infectious agent from nonspecific inter-
individual variations in cytokine responses.

Given the moderate size of the study groups, we aimed to per-
form a more speculative analysis in which we train an elastic-net
model to detect the most robust predictors of the study groups.
In this analysis, we detected only a small number of informative,
in essence, the IL-18 and IL-18BP were the only significant ones
in discrimination of CAP and either M/MTB or ATB cases. Therefore,
we strongly believe that in order to find a comprehensive panel of
proteins that are both sensitive and specific in discriminating TB
and CAP, further and larger studies are required.

Because of the unpredictable and nonspecific clinical manifesta-
tion of TB, the paucibacillary TB cases can be a diagnostic challenge
for physicians. In 2018, only 55% of pulmonary TB cases were bac-
teriologically confirmed globally (WHO, 2018). Accordingly, in this
study, 55% of TB cases (52% of M/MTB and 56% of ATB) were con-
firmed by culture. We assessed the levels of IL-18, IL-18BP, and
IL-37 in these patient groups, however, we were observing no dif-
ferences in the levels of the studied proteins either in serum or M.
tb-stimulated QFT cultures from culture-positive and culture-
negative M/MTB or ATB patients.

The systematic review of publications concerning immunoen-
zymatic assessment of selected proteins and cytokines indicates
that none of the commercial tests performed by itself provide
an accurate diagnosis of TB. What is more, most of the large-
scale research and meta-analysis for years focused mainly on
assessing IFN-c levels in commercial IGRA assays. They show that
the assessment of the IFN-c level alone is not a sufficient indica-
tor to confirm M.tb infection. A heterogeneous methodology that
does not overlap between studies limits comparability and inter-
pretation of results. A rigorous approach to enzyme immunoas-
says in the diagnosis of tuberculosis in children and adults is
needed. Therefore, it seems extremely important to search for
new tuberculous biomarkers and evaluate intricate cytokine pan-
els to confirm the disease, while adhering to the highest research
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standards. Meta-analyzes also emphasize that world trends in the
diagnosis of latent TB should be changed to understand this dis-
ease better (Mandalakas et al., 2011; Rogerson et al., 2013;
Steingart et al., 2011; Sun et al., 2011; Zeng et al., 2017; Zhou
et al., 2015).

In conclusion, our study indicates that a combined analysis of
serum IL-18BP and IP-10 could offer good classification perfor-
mance and might be considered as an auxiliary tool in the differen-
tiation of TB from CAP. At the same time, our results may enrich
knowledge about the role of IL-18 in the immunopathogenesis of
pulmonary TB.
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