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CA/XKETAK

Viuepo3Hu KOJIMTUC je HMH(pIamanujcka OoyecT LpeBa Koja ce Kapakrepuile ¢azama
erzarepOamnuje W pemucdje. 300r CIMYHOCTH Y TMOTJIEAY MOJIEKYJICKUX MexXaHu3ama
OJIrOBOPHMX 3a HAcTaHaK M MPOrpecHjy, MULIJH KOJUTHC WHIYKOBAaH NEKCTpaH HaTpUjyM
cyadarom (DSS-konutHcC) je jenan on Hajuemhe KopuIIheHUX eKCIIEPUMEHTAIHUX MOJIeNa 3a
WCIHUTHBAKE YIILEPO3HOT KOJIUTUCA. AHAJIOTHO YJILIEPO3HOM KOJIIMTHUCY JbYAH, UMyHCKe hemnuje
(makpodaru, nennpurcke hemuje (DCs), meyrpodumn, T mumdbonutn) nmajy HajBaKHU)Y
ynory y martoreHe3u DSS-xomutuca. Perymatopuun T mumdonmtu (Treg), mpomaykiyjom
UMYHOCYIPECUBHMX IIUTOKMHA, CYNpUMHpajy HHGIaMaMjy U TMOACTUYY pereHepauujy
omrehene ciy3Huue npesa. [loctoju npamatuyna pa3nuka y Toky DSS-konuTrca ko MuIieBa
pasnmuuutux cojeBa. Tako, BALBc MumieBn pas3Bujajy Jakmm oOIHMK 0OJECTH ca CIIOHTAaHOM
pereHeparyjoM ciry3okoxe 1pesa 1ok C57BL/6 mumeBn pa3Bujajy Texy GopMy OOJIECTH Koja
nporpeanpa y XpoHHIHUTET. Y [lamina propri-ju 1peBa ce TpuntodaH MeTaboJIHIIe
KUHYPEHHUHCKHMM ITyTeM, akKTUBHOIINY eH3uMa unioiamuH 2,3 nuokcurenase (IDO). Hajseha
aktuBHOCT IDO-a je 3a6enexxena y DCs u mezenxumckum MatuuHuM henmjama (MSCs) koje
ce 300r CBOjUX WMYHOMOJIYJAIMjCKUX KapaKTePUCTUKAa TMPHUMEHY]y y Tepanuju
nH(pIIaManujcKux 00JIECTH, YKIbYUyjyhH U yIIepo3Hu KOJUTHUC.

PesynraTtu oBe ctyauje cy nokaszanu 1a DCs BALBc muieBa noceayjy 3HatHo Behu kananureT
npoaykiuje IDO-a nacnpam DCs C57BL/6 xuBOTHbA, IITO CIEACTBEHO HHIYKY]E EKCITAH3H]Y
Treg mumdonnTa Koju CynpuMupajy HHQIJIaMaIlijy 1 IOICTUIY PeTeHEPaIH]jy CITy3HHIIC [PEBa.
Crenen omrehema CIIy3HHUIIE IIpeBa, Tla TaKO W pa3Boj 00JIECTH, c€ HAJIOy3/IaHuje YTBPhy]y
KOJIOHOCKOIM]OM, Il CE OBa MHBAa3WBHA JIMjarHOCTHYKA METO/a HE MOXE YeCTO M3BOAMTH.
OnpehuBame (pekaqHOr KaNIMPOTEKTHHA IpeJCcTaBba Hajyemrhe KopuuiheHH anTepHaTHBHU
JIMjarHOCTHYKKA TapameTap 3a mpaheme Toka OoslecT W ycmemHocTd Tepanuje. Mmak,
HEJIOCTaTaK BaJIMIUPAHOT cut-off-a U HEJO0BOJbHA CHENU(DPUYHOCT OBOT TECTa, yKaszyje Ha
notpe0y 3a yBoheme HOBUX HEMHBAa3MBHUX JHJarHOCTUYKMX METOJa KOJUM C€ MOXe
MPOICHUBATH YCIICIIHOCT TepaIuje U CTENeH perenepanyje odomuene ciy3nuie. Pesynararu ose
CTyAMje yKa3zyjy Aa ce mpahemeM KOHIEHTpalHje KUHYpPeHWHA y THHTHBAJIHO] TEYHOCTH,
cepyMmy H ¢erecy MoXKe MPaTUTH MPOrpecHja yIIepo3HOT KOJUTHUCA.

30or yumenune na cy MSCs jenan on Haj3HauajHux uszBopa IDO-a, y oBoj ctyauju je
ucnutuBad W 3Hayaj IDO/kuHypeHuMHCKOr myTa 3a Tepamujcke edekre MSCs y

umyHoMoaynanuju DSS-konmutuca. KoHieHTpanuja wH(IAMANM]CKUX THTOKWHA, TTOCEOHO
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IFN-y u TNF-0, yruuy Ha npomeny ¢eHotuna u edexropckux ¢ynukuja MSCs. MSCs cy
HakoH aruukanuje y wmumeBe coja CS57BL/6 (y kojumMa je cepyMcKka KOHIIGHTpAIlHja
MH(]IIaManjCKUX [HUTOKWMHA OWJIa BHUCOKA), Y3pOKOBajie 3HA4ajaH IMOPAcT KOHIIEHTpaIuje
KUHYpEHHHa y CepyMy IITO je pe3ylTHpallo eKcrnaH3ujoM Treg numdouuTta y IpeBUMa,
cMamemeM HHpIamanuje u yOnaxaBameM cumnToma kojutuca. Ca apyre crpaHe, HaKOH
armukarje y DSS-om Tpetnpane BALBc mumese (kox Kojux cy Owie HUCKE BPEIHOCTH
nH(pamanujckux 1muTokuHa), MSCs Hucy y3pokoBane IDO/kuHypeHUH-3aBUCHY €KCIIAaH3H]Y
Treg numdonura y upesuma Beh cy HMHAyKOBalle eKcHaH3Wjy uH(pIamanujckux hemuja y

KOJIOHY ILITO j€ JIOBEJIO JI0 MOTOpIlamka KOJUTHCA.



ABSTRACT

Ulcerative colitis is an entity of inflammatory bowel disease characterized by stages of
exacerbation and remission. Due to the similarity with respect to the molecular mechanisms
responsible for the onset and progression, murine colitis induced by dextran sodium sulfate
(DSS-colitis) is one of the most commonly used experimental models for testing ulcerative
colitis. Analogous to human ulcerative colitis, immune cells (macrophages, dendritic cells
(DCs), neutrophils, T lymphocytes) play the most important role in the pathogenesis of DSS-
colitis. Regulatory T lymphocytes (Tregs), by producing immunosuppressive cytokines,
suppress inflammation and promote the regeneration of damaged intestinal mucosa. There is a
striking difference in the course of DSS-colitis in mice of different strains. Thus, BALBc mice
develop a milder form of disease with spontaneous regeneration of intestinal mucosa while
C57BL/6 mice develop a more severe form of disease that progresses to chronicity. In the
lamina propria of the intestine, tryptophan is been metabolized by kynurenine via the activity
of the enzyme indoleamine 2,3 dioxygenase (IDO). The highest activity of IDOs has been
reported in DCs and mesenchymal stem cells (MSCs), which, because of their
immunomodulatory properties, are used in the treatment of inflammatory diseases, including
ulcerative colitis. The results of this study showed that DCs of BALBc mice have a significantly
higher IDO production capacity than DCs of C57BL/6 animals, which consequently induces
the expansion of Treg cells that suppress inflammation and promote mucosal regeneration.

The degree of damage to the intestinal mucosa, as well as the development of the disease, are
most reliably determined by colonoscopy, but this invasive diagnostic method cannot be
performed frequently. The determination of fecal calprotectin is the most commonly used
alternative diagnostic parameter for monitoring the course of the disease and the success of
therapy. However, the lack of validated cut-off and the lack of specificity of this test indicate
the need for the introduction of new, non-invasive diagnostic methods that can evaluate the
success of therapy and the degree of regeneration of diseased mucosa. Our results indicate that
the monitoring of local and systemic parameters of ulcerative colitis can be observed by
monitoring the concentrations of immunomodulatory factors in gingival fluid, serum and feces.
MSCs have been used in the treatment of ulcerative colitis for their immunomodulatory
properties, but the results are bidirectional. As one of the most significant sources of IDO, we
examined the role of IDO/kynurenine pathway in immunomodulation of mesenchymal stem

cells in a model of DSS-induced colitis. After application of MSCs in C57BL/6 strain mice,
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they polarized the immune response and transferred the medium from proinflammatory to
immunosuppressive environment, where Treg lymphocyte expansion suppressed inflammation
and allowed regeneration. On the other hand, the application of MSCs in animals of the BALBc
strain contributed to the overall exacerbation of the disease followed by an increase in

inflammation parameters.



OBa [OKTOpCKa AMcepTalMja HajaM ce, je MOj CKPOMHH JIONPUHOC CMUCTY, jep je NaHac
o0ecMHIIUbaBamkbe€ CBEra W CBAKOTra JIOCETJIO TaKBE pa3Mepe Ja Cy JbYAM OKOBAHU JIAXKHMa
NPUXBATUIIM J1a CYumuHe u cMucia Hema u J1a ux He Tpebda Hu OUTH.

OnHu K0ju y TO TIOBEpY]y, MOCTajy pOOOBH KOjMa HE caMo J1a je€ HeMoryhe mogapuTu c1o600y
Beh HUCY cIOCOOHM HH J1a 0 B0j camajy. CMPTHO MperuianieHy He BUE Ja cy 0e3 Te uzaeje y
CTBapu MPTBH.

JIek je Ty, HaJOXBAT PYKE U 30BE CE€ UCMUHA.

W3zrapao cam 1a y 0BOj T€3U HHUYEr JIPYror OCUM H€ U He Oyzae: MOXKJa je Ta OTKpUBEHA U
CaoIIITeHa UCTUHA MaJla, MOXK/Ia je Mama o7 0030Ha, aji ako caM 30MJba UCIIPABHO PaJUO Ta

UCTHHA he jeIHOr 1aHa TOBOPUTH O TOME J1a CMO, OHHM KOjU Cy MM [IOMarajiy | ja, Jia ce 1ocao

3aBpIIU, OWIM CIOOO0AHM JbYIU BaKIMHUCAHU MCTUHOM, a TH JbYAM Cy: MEHTOPH, KOJIETe U3
naboparopuje, Kyha, obnak u Mmyme npod. ApcenujeBuha, npuue Moje Majke, NMpHjaTesby,
Jby0aB u ceHke, L{apuiia 1 moHeKw JbyIM KOjUMa HE CMEM Ja CE 3aXBaJIMM jaBHO.....

Tako makap cana u3riaena, a ako BpeMe MpoKake J1a HEKO O Hac UIaK Huje Ouo TakaB To he
3HAYUTH CaMo jeJIHO - J1a C€ Y CaMOJbyOHO] MEMJBMBO] TIOTAjH OMHja0 TAITHHOM Ia U HEK MY
je bor y momohu, jep 1aBHO je pedeHo, Ja je TOBOPUTH MOHEKY JIaXK — CUTHA caboCT, a JKUBETU

JIaX MpaBa UCTUHCKA, cyutmurncKka IpoIiacT.
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1. VBO/JI

Hasup mH(pnamanmjcka OoyecT mpeBa je mpBH IyT ynorpedsseH 1875. romuue (1). Ympkoc
HECYMIbMBOM 3HAYajy W KOHTUHYHPAHUM HCTPAKUBAYKMM HANOpUMa HH JO JaHac y
MOTIYHOCTH HUCY pa3jalllibeHH HU €THOJIOTHja HU CBH MMATOTCHETCKH MEXaHU3MH YIIIEPO3HOT
konutuca 1 Kponose 6onectu. [locneamux ereHnja HaroMuiIana cy ce 3Hamba 0 €THOJIOTHjH
Y MaTOreHe3n HH(IaManujcKuX O0JIECTH IpeBa Kao U O IbMXOBUM OPAaJTHAUM MaHU(ecTanujama,
QM Cy TH TOAAllM HECUCTEMAaTHU30BaHM M YECTO KOHTPAAMKTOpHHU. JemHa onx Hajpehmx
HEJIOYMHIIa C€ OJJHOCH Ha YJIOTY aMHHOKHUCEIMHE TpunTohaHa U lbeHUX METab0JInTa, Kao U Ha
3Hauaj eH3uMa uHAoJIaMuH 2,3 neokcureHase (eHri. Indoleamine-2,3-Dioxygenase, IDO) y
Pa3Bojy yIIEPO3HOT KOJIUTHCA M Y HACTAHKY OpaTHUX MaHU(ECTAIHja OBE OOJICCTH.

300r TOTa Cy Y OBOj CTYIWJU aHAJIM3UPAHU MOJICKYJICKH MEXaHW3MH KOJU Cy OJIFOBOPHU 3a
IDO-3aBuCHY MOYyJIAIU]y YIILEPO3HOT KOJUTHCA JbYAH M PEreHEepaInjy o0oese CIy3HHIIe
[[peBa MUIIEBAa KOjUMa je KOJHMTUC M3a3BaH MPUMEHOM JIEKCTPaH HATPHjyM CyJdaToMm (EHIII.
Dextran Sodium Sulfate, DSS). OBaj neo uCTpakuBama je 00aBJHEH HA MOJENY OOJIECTH
r3a3BaHe y JBa pa3nuunta coja mumeBa: C57BL/6 u BALB/c kako 6u ce yrBpano 3Ha4aj IDO-
a 3a COojHE pa3jHKe y MPOTPECHju KOIUTHCA KOje MOCTOje u3Mel)y oBUX KuBOTHA (2). pyru
JIe0 UCTpaKUBamba, 00aB/LEH HA XyMaHOM MaTepHjaiy, 0aBU ce eKCTparoIalijoM pe3yiraTa
NOOWjeHUX Y MHIIjeM MOJEITy Ha OOJIECT JbyIM U TO KaKO Ha HheHe MaHU(ECTAIH]e Y KOJIOHY
TaKO U Ha MPOMEHE KOje CE PETUCTPY]Y Y YCHO] IyTJbH 000JIENINUX O] YIIIEPO3HOT KOIHUTHCA, Ca
usbeM Ja ce yrBpau Moryha npumena IDO-a y nocraBsbamy qujarsose u npahemy edekarta
Tepanuje yJIuepo3HOT KOJUTHCA.

C’ npyre crpaHe, MOTYhHOCT MOAYyJIaIHje YJIIIEPO3HOT KOJUTHCA, ME3CHXUMCKUM MAaTHYHUM
henujama (enrin. Mesenchymal Stem Cells, MSCs) npenctaBiba MOTEHITN]aTHO HOB TEPAITH]CKU
npucTyn y Jedewy oBe Oonectu. MSCs, IDO-3aBUCHHM MEXaHHM3MOM, CYNPUMHUPAJy
uH}IaMaIyjy 1 NOoCIellyjy pereHepaiujy odonenux TkuBa u oprana (3). YV ckiagy ca THM, y
OBOj CTyIWjHU aHanW3upaH je W 3Ha4aj [IDO-a 3a Tepammjcke edpexre MSCs y mMomgynanuju

KoJIMTHCa n3a3Bagor DSS-oM.

12



1.1. Yiuepo3Hu KOJIUTHUC

Colitis ulcerosa (eurn. Ulcerative Colitis, UC) je nauonarcko, MH}IAMALHU]JCKO 000JbEHE
XpOHUYHOT TOKa ca ¢azama erzarepbauuje u pemucuje (4). Hajuenthe cy nmoderHe npomene
OTpaHHYCHE HA PEKTYM Ja OW JaJboM Iporpecujom OojiecTr Omiie 3axBaheHe U MPOKCHMAITHE
naptuje kojoHa (5). Mudnamanmja Hajuemhe 3axBaTa 4YWTaBy IYyXKUHY nae0eor IpeBa
(pancolitis) (5). Y peTkum ciy4ajeBMMa ce€ jaBjba M CEerMEHTHa MH(pIamauuja (proctitis,
proctosigmoiditis) (6). OOUMHe M pPeTKe CTOJUIE, PEKTATHO KPBapeHme, TPUEBU Y CTOMAKY,
MPOTpecHBaH TyOWUTaK MEPHUCTANTHKE, Cy Nparehn cHUMITOMH OO0ONENHX O YJIIEpO3HOT
kojuTuca (6). 300r XpOHHMYHOT KapakTepa OOJECTH M YeCTHX ersaiepoOarja mopemeheno je
OMIITE CTalke MAlMjeHTa, Ma cy 000JeNnu Malakcaid, aHEeMUYHH, a 300T Manancopmiuje u
MOTXPAamECHH ca XUITOBUTaMUHO3aMa U aucOanancom enekrponura (5). UC je yecto yapyxeH
ca CHOHIMIIUTHCOM, CKJIEPO3HUPajyhuM XOJIAHTUTHCOM, HOJJO3HOM MHOJIEPMHUjOM M €PUTEMOM
Kao U peyMaTougHuM apTputucoM (7, 8).

UecTe KOMIUIMKAIMje Cy KpBapema W aHeMHje, TOKCHYHU METakoJOH, CTPUKType H
nepdopanyje upesa (9). Hakon mgecer roanHa o1 HACTaHKA MPBUX CUMIITOMA KOJUTHUCA, PH3UK
3a HacTaHaK KOJIOPEKTATHOT KapIimHOMa 3HadajHo pacte (10).

Hujarno3a UC-a ce mocTtaBba Ha OCHOBY aHaMHE3€, KJIMHUYKE CIUKE, JIA0OpaTOPHjUCKHUX
aHaju3a, PaJuoJIOMIKOr M €HAOCKOINCKOr Haja3za u Oumonrata mpesa (11). ¥V aktuBHOj dazu
Oonectn yOp3aHa je cenuMmeHTalnuja, noBehane cy KoHueHTpauuje C-peakTUBHOT MPOTEHHA
(eurn. C-Reactive Protein, CRP), ¢pubpuHOreHa u XemaTuyHUX €H3UMa y CepyMy, a 4ecTO
nmocToju u xunoanoymuueMuja (12). Xemartosomnika HCIUTHBaka MOTBPlYjy TPOMOOIHUTO3Y,
neykouuTo3y u anemujy (12). 3natHu cTaHmapa 3a AMjarHo3y MPeICcTaBibajy €HIOCKOIICKH U
MATOXUCTONOMIKA Haja3u y Owomnrtary (12). 3a amekBaTHO moctaBibame aujarHoze UC
HEOITXOHO j€ YPaJUTH MPOKTOCUTMOHIOCKOIH]Y W/WiH KoJoHOcKomHjy (12). KomoHckoncku
HaJja3 Ko/ 3/IpaBuX MallijeHaTa moapa3yMeBa CIIy3HHILY KOja je cjajHa, BJIakHa, a KpBHH CYJI0BU
cy jacHo ouprtanu (13). Enpmockorncke mpomene y uHnunujeHTHoj ¢asu UC cy enewm,
XHIIEpeMHja CIy3HHIIE U 30prucany BacKynapHu HpTex (13). ¥ nassem Toky O0siecTH Ciry3HUIA
KOJIOHA [TOCTaje TpaHyIupaHa, UCTamheHA U CKIIOHA KpBapemy (13, 14). [IpucycTtso ynmepanuja,
CTPHUKTYpA U ICEYI0TOHUIIA CYy TIOKa3aTesbH y3HanpeaoBaie 6onectu (13, 14). Mykoza usmehy
yJIKyca HHUje 31paBa Beh yBek mokasyje 3amajbeHcke mpomene (13, 14). ¥V ¢da3u pemucuje

CIIy3HHIIA I[peBa je paBHa U ucxemuyHa (14).
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VYiuepo3Hu KOJUTHC MOYMIbe Ja ce MaHudectyje usmel)y tpunecere u yerpaecere roauHe,
Mana je Opoj MeAMjaTpHjCKUX MalHjeHaTa y CTAIHOM IOPacTy JIOK je 3acTYIJbeHOCT Mely
nosioBuMa jeaHaka (15, 16, 17). Mamuaenia u npesanenna UC-a cy y CTATHOM MOPACTy IMIHPOM
cBeta. Mnmunenna je najpuma y Espomnu: (24,3 o6onena va 100 000), Kanamgu (19,2 obonena
Ha 100 000) u Aycrpanmju (17,4 obomena wa 100 000) (9). IIpeBanenna y Epornu (505
ob6onemux Ha 100 000), Kanagu (248 obonenux Ha 100 000) u CAJl (214 o6onenux uwa 100
000) (14). Pazmuke y yuectanoctu UC mocroje m3mel)y craHoBHuka 3amamne u CeBepHe

EBpone rae ce youaBa Beha ydectanoct y nopehemy ca 3emsbama Mcroune Espone (18).

1.1.1. UmyHonaToreHes3a yJjJiepo3Hor KOJUTHCA

VYiepo3Hu KoJIMTUC je 00ojbeme MyaThudakTopekor kapaktepa (19). Ilo3HaTo je na cy rinaBHU
eTHOJIOIIKU (hakTopH 3a pa3Boj UC-a: TreHcKa MpeAnuClo3nlnja, MHTETPUTET IPEBHE MYKO3€,
MUKpoOHOM nomahiHa, MOAATUTETH B €(UKACHOCT MMYHCKOT OAroBOpa jgomMahnHa W MHOTH
(dakTopu cpeaune (19-24). YV wumyHomaToreHe3u ydecTBYjy hemmje ypoheHe u credeHe
MMYHOCTH, enutenHe henuje n komeHcanHa Mukpodmopa (20-24).

Wzmeby 8 u 14% obonenux npujaBibyje CIMUHY CUMITOMATOJIOTH]Y KOJ KPBHUX CPOJIHUKA TOK
pobaru mpBoOT KOJICHAa MMajy YeTUpH ITyTa Behn pusuk o HacTanka 6omnectu (25, 26). Jlo nanac
je unentuduroBano mpeko 200 TeHCKUX JIOKyca Yrja u3MeHheHa (PYHKIIHM]a U/ U CaCTaB MOTY
Ia Memajy (QyHKIUje enuTenHe Oapujepe WM MOJAIUTET U CHary HMYHCKOT OJroBOpa
(axtuBanmja T henuja, nudepenroBame Thl7 henmja, perynauuja T u B henuja) (27, 28).
Enurenna Gapujepa ce yOpaja y mpBy JmHHjY ypoheHe umyHcke onopane (29). Ilexapacre
henwje mpoayKyjy MyLIMH KOjU TIPEKPHBA alTMKaJIHE JiejoBe enuTeHuX henmja (29). CmameHa
KOJIMYMHA W3JY4YCHOT MYIIMHA je jelaH oJ] y3poka Behe mpomycT/bMBOCTH emuTena INTO
omoryhyje mpomop 6akTepHja U HBHXOBY MHTEpaKIMjy ca emurtenoMm npesa (29). Ilporease
OakTepuja qasbe omrehyjy enuTeNTHu clioj 1 oMoryhaBajy mpoaop MEUKpoopranu3ama y 1yosne
ciojeBe (29). OBakBo omrehema enuresna mopehara mepMeadMITHOCT 1a 0aKTepHje IPOIUPY Y
cyOemuTeN MTO 3a MOCJIEANIlY UMa aKTHBAIMjy MexaHu3ama ypoljene umyHoctu npeko TLR-
peuentopa (engl. Toll-like receptors, peuenropu cnuuau toiy) (30). Y henmjama ypohene
UMYHOCTH- Makpodaru u neHaputcke hemuje (enrn. Dendritic cells, DCs) ce HakoH
Mpeno3HaBama MOJEKYJICKUX oOpasama mnokpehe curHamau nyt NF-kB umMme 3amouunme

TPAHCKpMIILIMja TE€HAa 3a CUHTE3y MpouHGUIaMaIMjCKMX LUTOKHHA: DakTopa HEKpo3e
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tymopckux hemmja-o. (enrn. Tumor Necrosis Factor-a, TNF-a), Uatepdepona-y (eHr.
Interferon-y, IFN-y), IL-12, IL-1B, IL-6, IL-17, IL-23 (eurn. Interleukin, IL) (31).

Bemuku 06poj Makpodara jgokanu3oBaHUX y JIAMUHHM TPOTPH]JH aKTUBHpPA C€ aHTUTECHUMA
OakTepuja Koje Cy MpOoApJe Kpo3 OOONeNy CIHy3HUIy M HAKOH aKTUBalldje, pa3BUjajy
nHbpnamanujcku M1 ¢eHoTun kora kapakrepuile nopehana cekpenuja npouHpIaManujcKux
nurokuna (TNF-a, IL-1, IL-6, IL-8, IL-12, IL-18, IL-23) u xemokuna (CXCL9 u CXCL10).
OBu MeujaTopH 3anabemha HHIYKY]y HactaHak Th1l u Th17 umyHCKOT 0IroBOpa v MOCTEIY]y
unpnykc epexropcku Thl u Th17 henuja y ob6oneno Tkuso (32-34). IL-6 xojer y Hajsehoj mepu
U3Iydyjy Makpodare y TOKYy akyTHEe ¢a3e HUMYHCKOT OJArOBOpa, y akTUBHUpaHUM T
mumpountuma nokpehe curnanuu nyt STAT3 (eurn. Signal Transducer and Activator of
Transcription 3, STAT3) mro noBehaBa ekcrpecujy reHa 3a MPOAYKIM]y aHTHATIONTOTCKUX
mounekyna: Bcel-2 u Bel-xL, koju He n03BoJpaBajy ynazak akTUBUpaHux T aumdouura y
aronTo3y 4MMe JONPHUHOCE pPa3BUTKY XpoHHuHe ¢opme Oonectu (35, 36). Ilopen Tora,
Makpodaru MOry Ja CEeKpeTyjy M Mporease, peakTUBHHU a30T U KHMCEOHHMK KOjUMa TUPEKTHO
omrehyjy cimy3nuity 1pesa (34).

DCs cy cnona usmely ypohene u creuene umynoctu (33, 37). Hakon npey3umama aHTUTEHA
oBe akTUBUpaHe henuje TUMGHUM MyTeBUMA JIOCTIEBajy M0 JTUMGHOT YBOpa Tlie MPE3eHTY]Y
autured T mumdommtuma (33, 37). DCs mocenyjy TLRs, koju mpemosHajy yoOwuajHe
Makpomodiekyiie, U NLRs (earn. NOD-like Receptors), Koju cy 3aayeHH 3a TPEIIO3HABAE
WHTpa- U eKcTpa- menymapHux naroreda (33, 37, 38). C’ o03upom ga je mepmMeadMITHOCT
MHTECTUHAJIHE MyKo3e noBehaHa, aHTUT'€HU KOjU MPoJpy Y NyOsbe ciojeBe LpeBa akTuBupahe
Ty npucytHe DCs koje he masbe mojayaHo y3opkoBaTu aHTureHe u3 aymena (33, 37). ¥V
aKTUBAIM]jH, Moylapu3annju u Marypanuju DCs rmaBHy yiory urpa sunononucaxapug (LPS)
koju ce noesyje ca TLR4 (33, 37). Jenna ox mociieuiia OBOT MPEMO3HABAKA j€ CHHTE3a U
npoaykuuje IL-12 mro nonapusyje umyHcku ofarosop y npasiy Thl. V3 to, DCs cekperyjy u
apyre npouHQaMalyjcke IUTOKUHE U XEMOKHHE Koju oMmoryhyjy MHQIyKC HeyTpodumia y
TKWBO W aKTUBAIM]y Ipyrux uMyHckux hemmja (33, 37).

Hakon mnpey3umama aHTHTeHa W Murpamnuje y nepudepHe aumdbHE YBOPOBE AHTHUTEH
npesentyjyhe henuje (enrn. Antigen Presenting Cells, APCs) axtuupajy T numdouute
cneuu(uyHe 3a NEeNTUIEe NPOTEHHCKUX aHTUreHa (arounurtoBanux Oakrepuja (33).
AxrtuBupanu T mumdounTn nponmdepunry u audepentyjy y epekTopcke u/ii peryalmjcKe
mumdornute (33, 39). Inucbananc y kopuct edexropckux T mumdorura omoryhyje HacTaBak
3anouere uH(puamanuje (32, 39). HeanekBaran umyHcku onrosop T mumdornura Kojuma je
NpOAYKeH BeK Tpajama 300r akrtuBauuje curHanHor myta STAT3, a mnpoaykiuja
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pouH(IaMaIjCKUX IIUTOKMHA IIOTCTAKHYTa, HHAYKY]€e, TOTIIOMaXKe U OJjpaBa HH(pIamManujy
(32-36). Tlopen mmrokumHa moBehaHa je W MPOMYKIMja PEAKTUBHOT KHCEOHHWKA, a30Ta U
XEMOKHMHAa KOju Tmoacthuy wuHbmamamujcky kackany (4, 40). Tum agomMuHAHTHOT
uH(pIamMaIujckor oaropopa he neTepMHHUCATH AaJbU TOK U cuMnrTome Oonectu (41, 42).
HudepenroBambe HauBHUX T auMdornura y epekTopcke, a THME U MoJapu3alija UMyHCKOT
OJIrOBOpa ce MOXke oaBHjaTH y Hekoymko mpasama: Thl, Th2 u Th17 mro he 3aBucutu mnpe
CBera O/ TIoJlapu3alinje ypoheHOT IMYHCKOT OJITOBOPa OJTHOCHO O] IIUTOKMHA KOj€ CHHETCHIITY
u n3nyuyjy APCs, mTO Ha MOYETKY M KOHILy 3aBUCH O] IPUPOJIe MAaTOreHa KOjH je IOKPEHYO
peaxiujy ajau ¥ o] MPUPOJE Y30pKOBaHUX nentuna (42- 44). Y npBu Max ce cMaTpalio Ja je
YJIIEPO3HH KOJIUTHC IPEBACXOHO 000JbeHe Koje Kapaktepuiie aqucdananc namehy Thl u Th2
cybceroBa edekTopckux JuMQonuTa, MehyTHM Yy TIOCIEIHEe BpPEME BEIHMKUM Opojem
HCTpa)KMBama je yka3zaHo Ha 3Ha4aj Th17 henuja y matoreHe3u oe 6onectu (44).
AxtuBupanu CD4+T mumdouutn audepeHtyjy ce y edpexropcke u/miMm peryianujcke T
mumpormre (33). ducbananc uzmel)y perymnanujckux u epeKTopckux Boau y uHpIamanujy
(39). T momarauku TUMQOIUTH WHAYKY]Y IaJbH WUMYHCKH OJATOBOP M y 3aBHUCHOCTH O]
IIUTOKMHCKOT pernepToapa Koje mpoaykyjy mory ce nmogenuta Ha Thl, Th2 u Th17 henuje (42-
44). OHe npoayKyjy pa3sHOBPCHU MHJbE IUTOKMHA Kao mTo cy IFN-y, IL-4, IL-5, IL-8, TNF-a,
IL-17, IL-23, IL-6, IL-2. APC npoaykuujom IL-12 axtuBupajy nyt STAT4 npu yemy ce T
HauBHe henuje mudepentyjy y Thl mumdonnte xoje kapakrepume npoaykuuja IFN-y u TNF-
o (45-47). IlpucyctBo oBux henmja y uaduntparuma cyOMyKo3€ je ToKa3aTesb y3HamnpeaoBaie
Oomectu (48).

IL-4 aktuBupa curtanau nyT STAT6 y HauBHUM TUM(OIIMTHMA HAKOH Yera J0JIa3H J10 ’bUXOBE
noyiapu3amyje y npasiy epekropckux Th2 mumdornmra (49). LIUTOKHHE KOjH KapaKTEPUITY
oBaj cyocer smmdornuta cy 1L-4, IL-5, IL-13 (49). IL-5 noactuue cazpeBame eo3uHODUIA 1
perpyrtyje ux Ha Mecto uHpnaamanuje (49). bpoj akTUBHUpaHUX €03UHOGUIA Y TTO3UTUBHO] j€
Kopenauuju ca TexuHoMm Oonectu (50). EosmHodmim nupektHo omrehyjy Myko3y H
nosehaBajy mepmeabmiiHOCT MyKo3e ocioOahameM riaBHOT Oa3HOT mpoTewHa (eHri. Major
Basic Protein, MBP) (50).

Ion nejecrBom IL-6 u 1L-23, xoje npoaykyjy APC, aktuBupa ce nyt Jak-STAT npu uemy ce
HauBHH T TUMQOLUUTH HAKOH NpenucHBamba TpaHckpumionor gakropa STAT3 nudepentyjy
y cybcer Th17 mumdorura, koje kapakrepuiie npoaykiuja murokuna: 1L17, IL-21, 1L-22,
TNF-o u 1L-23 (42, 51). Th17 numdorutn HakoH npoxaykiuje TNF-o moreHmmpajy
aKTUBALIM]y, ca3peBame U Murpanujy Heyrpoduna (52). Unduntpar veyrpodumna y upesuma
NPEJCTaB/ba jelaH O] IVIABHUX XHCTOMATOJOIIKUX oOenexja ymuepo3Hor komutuca (53).
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Heytpodunu omrehyjy enurenne hemuje upeBa u MMajy BaXKHY YJIOTY M y aKyTHO] Uy
XpoHN4HOj (a3u 6onectu (53, 54). [Ipoaykunjom peakTUBHUX KHCEOHUYHUX jeIHCHa (CHTII.
Reactive Oxygen Species, ROS), cepuH npoTreasza, METaJIONMpOTENHA3a U MH]EJIOMEPOKCHIa3a,

HeyTpoQHIIU y3pOKYjy epo3uje, adciece u omrehema enutenne dapujepe upena (54).

1.1.2. OpaJynu 3HauM ¥ MaHudecTaluje YIUEepPOo3HOI KOJIUTHCA

Opanae ManudecTanyje U OpaTHA 3HAIU YJIEPO3HOT KOJUTHCA U3YyYaBaHU Cy y MaJIOM Opojy
cryavja (55). OpanHuM 3HaLMMa Ce CMaTpajy: BEreTalMjCKU MUOCTOMATUTHC (pyostomatitis
vegetans), apTO3HE yiIlepaluje, OONI0KEeH je3WK M MapoJOHTOMAaTHja JOK CY CHMIITOMHU
Henpujaran 3anax (halitosis) n mopemeheno gyno ykyca (55). C’ 003upom 1a ce OpalHUM
MaHH(ecTalMjaMi HUje MPUIaBa0 BEIIMKU 3HA4a] HUjE TMOTIYHO Pa3jallllbeHO J1a JIU Cy OHE
nocnenuua 6onectu wiu Tepanuje (55, 56). Opanne Mmanudecranyje cy yemrhe u 030ubHUjE Y
MOOIMAKIIUM CTaaujyMuma 6onectd (56). Y akyTHO]j ¢a3u ynepo3Hor KonuTuca mnpexo 50%
naryjeHaTa uMa Henpujaras 3anax (57).

Bereranujcku THOCTOMAaTUTHC j€ PETKA MOjaBa KOJI 3/[paBUX, a BEOMa je 4eCT KO/ 000JIeIHX 01
ynuepo3Hor kosutHca (58). OBe se3uje ce youaBajy Kao MyJTuIuie Oelne 1 xkyTe 0yiie Koje 300r
JMHAMUKE OpajiHe cpeauHe Op3o mynajy u epo3upajy (59). Xuctonomku ce yoyaBa
eo3uHomHU U HeyTpodwiHn nHGIITpat (59, 60). Hajuche 3axBarajy TBpIO U MEKO HeTie,
OyKaJlHy MyKO3y, BeCTHOyJIapHy MOBPIIMHY THHTHBE, a Hajpehe ce MeTeKTyjy Ha Moay yCHE
nyIube U je3uky (61, 62). Tpu myta venrhe ce peructpyje koa mymkapana (61, 63).

Adro3He ynuepanyje cy Hajuenrha opaigHa ManugecTanyja yaepo3Hor konutuca (64). [Tojasa
yJepanuja MoKe W HEe Mopa Ja MpaTd aKyTu3anujy OoJiecTH W 3a obojiene cy OoiHE U
HenarogHe (64). O6uuHO Tpajy OKo ABE Heaesbe (65).

OOoutenu oJ1 yIIIEPO3HOT KOJUTHCA Y OJHOCY Ha 3[[paBe MCIUTAHHWKE denihe TOoKa3yjy 3HaKe
napojaoHronaruje (66). Ilpahemem nyOMHE MapoOAOHTATHHX IJEMOBAa U T'YOUTKAa EMUTEITHOT
rpuroja 3yda, YCTaHOBJHEHO j€ Ja 000JIeTH O/ YJIEPO3HOT KoJauTuca demrhe 000JbeBajy 011
napojioHTonaTje Hero obosnenu o1 Kponose 6onectu (66, 67). UcTpakuBamuma je mokazaHo
na obojenu demhe MOKaszyjy CHUMIITOME IMapOJOHTONATHje Koja je TeHepaln30BaHa 0K je
nH(pIaManyja Mamer MHTCH3UTETa y OIHOCY Ha HCIUTAHHWKE KOjU je HeMajy YIIEpO3HU

KoJuTHuC (68).
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Crynujama je moka3zaHo z1a npexo 50% obosenux nmajy HempHjaTaH 3a/1aXx y OJHOCY Ha 3/[paBe
ucriuranuke (56, 57). Oxo 20% oOonenux mpHjaBibyje mopeMeheHo 4ysIo YyKyca, 0K

MAIUjCHTH KOJU UMajy TTAaHKOJIUTHUC UMajy KUCEO YKYC Yy ycTuma (56).

1.2. MuIIMju KOJUTHC HHAYKOBAH JeKCTPaH HATPUjyM cyadartom (Dextran

Sodium Sulphate-DSS): ekcriepuMeHTaJIHN MO/IeJ1 YJILHEePO3HOT KOJUTHCA

[TocToju HEKOIMKO EKCTIEPUMEHTATHUX MO/IeJIa KOJTUTHCA. Y3 CBa OrpaHUYCHa, KOja 3aBHCE O
CIIMYHOCTH ¥ Pa3IMKa ca MaTOreHe30M U KIMHUYKUM MaHu(ecTanrjama yaepo3Hor KOJIUTHCa
JbyIIM, OB MOJCIH Cy TPYXWIH 3HauajHe HH(POpMAIHMje O ETHOJOTHjH W TaTOTCHE3U
YIEPO3HOT KOJMUTHCA. EKCIIEpIMEHTATHU MOJICITM CE MOTY TIOJICIIUTH Ha: CIIOHTAHO HACTAJIe,
WH/yKOBaHe, PeHeTe aJONTUBHUM TpaHC(epoM, HacTalle TeHCKOM MaHumyJanujom (69-71).
UwHHM ce Ja Cy HAJIIOTOIHH]H OHH CKCIICPUMEHTAITHH MOJICIIH Y KOjJMa C€ KOJIUTUC HHIYKY]e
XEMHUJCKH 3aTO ITO ce OoJecT Op30 M jeAHOCTaBHO M3a3MBa, a HEH IMOYETaK, Tpajame U
KIMHUYKU TOK KOJU TOJIpa3yMeBa Cpefihe TeUIKy HH(IaMalnujy oMoryhyjy nako npaheme u
JEIHOCTaBHY KOHTPOJIY M MaHUIyJanujy npoueca (72). Y wux ce uzMel)y ocranux yopajajy u
WHIYKIIMje KOJIUTHUCA: JCKCTpaH HATpUjyMOBHUM cyidartom (eHrn. Dextran Sulphate Sodium,
DSS), oxcazomoHOM, au- W TpHU- HUTPOOEH3EH CYJI(POHCKOM KHUCEIMHOM, CcuUpheTHOM
KHCEITMHOM, KaparnHaHOM H jojoaneTratamMuiom (72).

Jleo excriepuMEHTATHUX pe3yJTara MpUKa3aHUX y OBOj AMCEPTaLUjH, J0OUjEH je y MOJIeIy

MHUIIIjeT KOJIUTHCA HHAYKOBaHOT DSS-oMm.

1.2.1. Aexcrpan HaTpujym cyadart (DSS)

JlexcTpaH je pa3rpaHatu IIykaH (Iojucaxapul] cacTaBJbeH OJ MOJIEKyJa IIyKo3e) y oOJuKy
JaHala KOju MOTY OWTH pa3nuyuTe AyKuHE (04 Hekonuko Ao mpeko 2000kDa) kojer je, kao
MPOAYKT MUKPOOpPraHuW3aMa yKJbYYeHHUX y (epMmeHTanujy BuHa, otkpuo Jlyj Ilacrep (Louis
Pasteur) 1861 rogune (73, 74). OCHOBHU IIpaBH JlaHAI] YMHE TIYKO3HE jeTUHUIC MeljycoOHO
noBe3aHe o-1,6 TIMKO3UIHUM Be3aMa, a TpaHamke JIaHIla 3anounmbe o-1,3 moBesuBameM (74).
Moke ce cHHTeTHCAaTH M3 caxapo3e y3 momoh Oakrtepuja Leuconostoc spp (Leuconostoc
mesenteroides) n Streptococcus spp (Streptococcus mutans), a 3aHUMJBUBO j€ Ja je U 3yOHH

iak 6orar gexcrtpanuma (74).
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DSS je nepuBaT nekcTpaHa Koju ce noOuja ectepu(UKanijoM JEKCTpaHa XJIOPCYMIIOPHOM
KucenmuHOM. Tako ce no0ujajy TOJMaHjOHCKA jeANhCHha BEOMA PA3IMYUTUX MOJIEKYJICKUX
Mmaca: 5-1400 kDa (Cnuka 1), mpu ueMy ce 3Ha Ja Cy 3a W3a3UBame KOJUTHCA HAJIIOTOIHU]E
¢dpakuuje Mmosiekycke Mace uzMely 40-60kDa y kojuma je cymmnop 3actymsbeH ca 16-20% (75).
Cymmop je caapxaH y ABe cyidaTHe Ipyle Mo IIIyKO3HUM pe3uayama u yuHu 17% wmace
Mmoutekyna (75). DSS je 6enu myaep stako pactBopspuB y Boau (100mg/ml) (75).

1985. roguHe je mpBU MYT j€ ONMUCaH KOJUTUC XpUaka u3a3zpad nmpumeHom DSS (76). Kacauje
je DSS xopuihen u 3a HHAYKLIM]y KonuTHca MuiieBa (77) u naHac je Hajuenthe kopuitheHu

MoJies1 oBe 00JIEeCTH.

CH2

Na$0,0

O505Na

Cauxa 1. XeMujcka cTpyKTypa AeKCTpaH HATPUjyM cyidara. JlekcTpan HaTpujyM cynaT je MOIHaHjOHCKH
JIepUBaT JCKCTpaHa pa3jIMYUTe MOJIKYJICKE Mace, a JOOHjeH je ecTepuduKanujoM ca XJIOPCYMIIOPHOM
KHCEJIMHOM.

DSS ce Besyje 3a MmemMOpaHe €H1030Ma Ma ce€ TaKO MaJie KOJIMYMHE OBOT MOJIeKyJa Beh mpBor
JaHa aJIMHHHUCTPAIHMje PETUCTPY]y Y Makpodaruma JTuM(GHOT TKHBa 3uja JeOenor Impesa,
Me3eHTepuuHuX JuMpHUX yBopoBa u y Kyndeporum henujama (78). Y makpodaruma jerpe
areHc je MpUCyTaH U OcaM JlaHa HaKOH YHOIIICHa, ajli C€ HE PETUCTPYje Y CpYaHOM MUIIUNY,

CNS-y u ninyhuma. U3nydyje ce kako ¢ernecoM Tako U ypuHoM (78).

1.2.2. Uuaykuuja koautuca DSS-om

UwuHu ce 1a je 3a MHAYKIH]y KOJHUTHCA, Ka0 YOCTAJIOM M 32 M3a3WBambe KapIMHUMa KOJIOHA,
BpJIO BakHa MoJjekysicka maca DSS-a (79, 80). DSS-om Mory na ce W3a30By W aKyTHU U
XPOHUYHHU KOJIUTHUC, IITO YTIIaBHOM 3aBUCH O] MPUMEHEHE KOHIIEHTPAIIH]j€ PACTBOPA, Ay KHHE
U yuyectasioctu anmuHuctpanuje DSS-a (77).

3a MHIYKIH]y aKyTHOT KOJMTHCA KOPUCTHU CE CEIMOIHEBHO TI0jE€H-E MUIIIEBA PacTBOPOoM 2-5%
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DSS-a y Boau 3a nuhe (75, 77, 81, 82). XpoHUYHH KOJUTHUC C€ M3a3MBA KOHTUHYHPAHOM

angmuHuctpaiujom 1-2% DSS-a ca Bogom 3a nuhe y myxem nepuoay Bpemana (75,77, 83, 84).

1.2.3. KiuHMYKHM mapaMeTpu M XHMCTOJOMIKA CJIAMKA KOJHUTHCA U3a3BAHOT
DSS-oMm

KnuHuuka cnMka M XUCTOMATOJIOIIKM IapaMeTpu y MHIjEeM MOJeNy TMOApa)xaBajy
KapaKTEPUCTUKE YJILEPO3HOT KOJIUTHUCA KOJI Jby1u. Tako cy akyTHE KIMHUYKE MaHU(ecTalyje:
ryOuTaKk TejaecHe Mace, 1ujapeja, OKyJITHA KpBapema, HAKOCTpeIIeHa JAjlaka, aHeMHUja a MOXKe
HACTYyNUTH U CMpTHH UcXo (85). Ha xuctonomkum npenapaTuma ce MOTy YOUUTH: TyOUTaK
MYIIMHA, JIETeHEepalyja U HEKpo3a eNMUTEeHUX henuja 1a Ou ce HemToO KaCHUje perucTpoBasa
uHUITpaIHja JaMUHE MIPOTIPHUje U CyOMyKo3e HEYyTpoduiInMa MTO ce 00UYHO KapaKTepulle

KAa0 KPUIITUTHUC T1a U arclec Kpunrti (2).

1.2.4. I1aTtorene3a DSS koauTHnca

Tadan mexarm3am kojuMm DSS wHUIMpa konmuTHc HUje 10 Kpaja pasjammeH. DSS nmosehasa
MPOITYCTJEUBOCT MYKO3€ JeOeIIor IipeBa 3a BEJIUKE MOJICKYJe YKJbYYuBIIH u caM DSS. Tako
ce MpBOT JlaHa M0 NOYeTKy amuiupama DSS-a youaBa ryOuTak HEeKUX KOMIOHEHTH YBPCTUX
Be3a zonulae occludens-1 koje mpaTH NojayaHa eKCIpecHja TeHa U CUHTEe3a MH(IaMalljCKuX
mutokuHa (IFN-y, TNF-a, IL-1B, u IL-12) y 3uny npesa (86-90). Ipyru MexaHuzam, KOju HE
UCKJbYUyj€ PBOINIOMEHYTY BapHjaHTYy, 3aCHHUBA CE€ HA TUPEKTHUM TOKCHUUKUM eekTruma DSS-
a Ha hennje MyKo3e KOJIOHa, y IPUJIOT Yera TOBOpe U MPOMEHe UHTerpuHa-a4 u cyOjenHuIe
M290 ucka3aHuX Ha emUTeNTHUM henMjama, IITO 3a MOCIEIUIy UMa OMETame Ma U MPEeKu]
UHTEpaKIuje oBux henmja ca maTpaenutenHum yOT mumbonutuma (91). Mako ce muciam na
vOT nuM(pOLUTH IPUCYTHY Y ENUTETY LIpeBa YUECTBY]Y Yy OUyBamy U 3apacTamy MyKo3e, yJora
oBHX henuja y maToreHe3u eKCrepuMEeHTAIHOT KOJIUTHCA UIlak HUje nmo3HaTa (92). He moxe ce
3aHEMapUTH HH yjora O6akTepHja y maToreHe3n OOJIECTH MOTOTOBO y CBETIY YME-CHHLA Ja
nprMeHa METPOHHUAA30J1a M MUMPO(IOKCAIIMHA yOJIa)kaBa CUMITOME U XHCTOJIOMIKY CITUKY
aKyTHOT €KCIIEPUMEHTAIIHOT KOJIUTHUCA, a HE MEHha MIapaMeTPe XPOHUYHOT 000JbEHA Y MUIIIEBA
(93). mak, TauHa yjora oBuxX OakTepyja HHje HU U3/1ajieKa jacHa, HApOUuTO ocTaje 30ymyjyhe
na OOECKIMYEHM MMIICBH TajeHH MO CTEPUJIHMM KayTelama W IojeHu pactBopom DSS-a

3a100Mjajy TekaK KOJUTHC KOjU ce yOiakaBa Kaja Ce aIuIMKyjy aHTUTEHH IOPEKIIOM W3
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OakTepuja Koje unHe HopManHy ¢opy 1pesa (93, 94).

Bpio je Baxuo 3Hatn ga T muMdoruru (CD4" u CD8Y) usriena He urpajy OUTHY yiIory y
WHAYKIHU]U aKyTHOT KOJHMTHCA IITO CE€ 3aKJbyuyje U3 cliefiehux YnmbeHuna: y cy3HHuIM peBa
ce 3amaxa cMameme Opoja CD8" T mumdonura nok je mpucycrso CD4" T numdponura
HETIPOMEH-EHO TOKOM aKyTHT KOJHTHCA B TO Kako kKoa BALB/c tako n kox C57BL/6 mumesa
(95); excniepumenTtanau DSS komutuc ce moxe passutu u'y SCID (enrn. Severe Combined
Immunodeficient) xao u CD4" nepunmjentnux, NK (enrn. Natural Killer cells)-

nedunujeHTHHX U atTuMuyHUX CD-1 mumesa (edrn. Nude mice) (96, 97).

1.2.5. heanje ypohene umyHoCTH Y maTorene3u akytHor DSS koauTuca

VY nmaroreHes3u akyTHOT KoiauTHca u3a3zBaHor DSS-om yuectByjy DCs, makpodaru, NK u NKT
henuje, HeyTpodwmm, eo3uHoGmIH 1 MacTonuTH (98).

HoBwuju ekcriepiMeHTaIHU TIOJAIH JACHO TIOKAa3Yjy Jla Cy Makpodaru Bpjo BaKHH Y HHAYKIU]U
akyTHor konutuca (99). DSS ce Bpiio 6p30 Besyje 3a MemOpaHe eno3oma paronutHux henuja,
mTo MHAYKYyje aktuBanyjy mHpiaamazoma NLRP3 (enrn. NOD-like receptor- NLR family,
pyrin domain containing 3, NLRP3). AxktuBannja NLRP3 undnamazoma nHayKyje cUHTE3Yy
uHpramanujckux uTokuHa: [L-1PB u IL-18 xoju cy cy kiby4Hu Meaujatopu uHdiIaMmanuje y
DSS konutucy (100). ¥V nassem Toky NLRP3 y3pokyje u cHHTe3y peaKTUBHUX KHUCEOHUYHUX
jemumema (eHra. Reactive Oxygen Species, ROSs) y oaroBopy Ha DSS (101-104). DSS y
Makpodarama mojayaBa M EKCHpPECH]y WHAYIHOWUIHE CHHTETa3e a30T MOHOKCHAA (CHTJL.
Inducible Nitric Oxide Synthase, iINOS) na he Tako u ocnoboheHu a30T MOHOKCHAA (EHIIL
Nitrogen Oxide, NO) yuecTBOBaTH y pa3Bojy omrehema TokoM nHAyKIHje koautrca DSS-om
(105).

Tokcuuko omrtehewe enutena aebenor mpeBa, ocuM MmTO omoryhyje ymazak DSS-a y
cyOenuTeNnHy 30HY M aKTUBAIM]y Makpodara, ykiama U 6apujepy 3a MHBa3Hjy OakTepuja U3
JyMEHa y CyOemUTeIIHO TKUBO Y KojeM ce Be3yjy 3a TLRs nckazane Ha DCs u Tako akTHBHpa
oBe hemuje ma u oHe ocnobahajy wuHbnamarnujcke mutokuHe (IL-12, TNF-0) xao u
xemortaktuuke 1utokuHe MIP-1o (enrn. Macrophage Inflammatory Protein-1 o, MIP-1a),
MCP-1 (enrn. Monocyte Chemotactic Protein, MCP-1), CXCL1/KC u CCL11 (enrm.
Keratinocyte-derived Chemokine, CXCL1/KC; CCL11) (106, 107). Cekpenrja moMeHyTHX
XEMOTAaKTUYKHUX CYIICTAaHIIM TPHKYyIJba HEyTpoduie, Makpodare U €o3uHOPUIEC HA MECTO

ynacka Oaktepuja y cybenuten koiona (105, 106, 107, 108, 109). ITocebHO OuTHY ynory y
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(aronyTO3M MPOAPIUX MHTECTHHATHUX OaKTepHja Urpajy HEyTpodmin Koju, ociodahamem
mutoknHa (TNF-a, IL-1B u IL-6) u ROS, nonpunoce pa3Bojy undnamanuje, pe3yiarapajyhu
TemkuM omrehemem 3uaa aedenor npesa (108-110).

W in vitro u in vivo je nokazano na NK henuje nmajy 3alITUTHY yJIOTy y OBakO HM3a3BaHOM
KOJIUTHUCY U TO TaKO IITO CMamyjy perpyTanujy u GyHKIH]y HeyTpoduia, Py 4eMy MEHajy
MoJIApU3aIfjy M ITMTOKMHCKH TPO(HII HAKOH AMPEKTHOT KOHTaKkTa henwja-henuwja mpeko
unxuouropHor perenropa NKG2A (111).

Macrtouutd ¥ eo3uHOGMWIN Takohe MMajy BaKHY yJory y pas3Bojy kommruca (111-115).
MacromuTi mpoaykyjy xuctamuH, Tpunrtaze u TNF-o umme omoryhyjy Behu ymazax
HEYTPOPHUIHUX JIEYKOLIUTA M OcTaNuX henuja 3anabema y TKUBO konoHa (112).

Eosunodumu ocnobahajy nepokcunaszy u KaTjoHCKE MPOTEWHE YMjOM aKTHBHOIINY yTHUYYy Ha
omreheme ciay3HuIe 1pesa, gonpuHocehu nporpecuju komutuca (113, 114,115).

NKT henuja umajy nporektuBny yiory y DSS xonutuca (117, 118). Koanmunucrpanuja DSS-
a u a-ramakrouepamuaa (a-GalCer), akruBatopa NKT henuja, yonakaBa KIMHHUYKY CIUKY,
ycropasa pa3Boj 6onectr U cMamyje omreheme TkuBa (116). NKT cy u3gaman u3Bop aHTH-
3anasbembckux uTokuHa (TGF-f u IL-10). [1a Tako anontuBHO Tpanchepucamwe NKT henunja

npetxoaHo Tperupanux o-GalCer-om yOnaxasa cumnrome 6omnectu (115, 116 117).

1.2.6. [IuTOKMHYU y NaTOreHe3n KOJUTHCA H3a3BaHor DSS-om

DSS y3pokyje nosehaBany excrpecujy IL-13, IL-12 u TNF-a (117). 3anaxajy ce moBehane
koHneHTpanuje TNF-o, IL-18, IL-6 xao u IL-1P, y akyTHOj (a3u ynuepo3HOT KOJIUTHCA KOJT
JbYIU, a TIOCTOJU W MO3UTHUBHA KOpeJanuja n3Mely KOHIIEHTPAlUje OBUX IIUTOKMHA U TEKHHE
6omectu (118-121). ¥ camom 3amasbeHOM TKUBY, IOpe IOMEHYTHX ITUTOKWHA, rmoBehasa ce

ekcnpecuja reHa u cexkpenuja IFN-y u [L-4 (121, 122).
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1.3. UuponamMuH 2,3 1e0KCUTeHAa3a y YJILUEPO3HOM KOJUTHUCY

Tpuntodan je eceHnMarHa aMHHO KHCEIMHA KOja MMa BHIIE BAXXHUX CTPYKTYPHUX H
(byHKIMOHAMX YyJIOTa y TacTpOMHTEeCTHHATHOM TpakTy (123). Heonxonan je 3a ctabmiHOCT
henujucke MmemOpaHe U Be3UBambe MPOTEHHA 32 HEeH (HOCHOTUITUAHU ABOCIO], jep Y BEIUKOM
npoueHTy u3rpalyyje TpancmeM6Opancke nomene (123). [lopen tora, Tpunrodat je mpeKypcop
ceporonuna (5-hydroxytryptamine, 5-HT), menaronnna u HuanmHa (123). Cucapu ra He
CHUHTETHITY T1a j€ HEOITXOIHO J1a ra yHoce ucxpanom (124-126). Mneko, cup, IpBeHO MECo, jaja,
puba cy HamupHuie Oorate Tpuntodanom (124). Ilocne Bapemwma, TpunrodaH amncopOyjy
enuTenHe henuje 1peBa, HAKOH Yera ce TpaHCHopTyje KpBoTokoM (124-126). 3aBucHoO on
byHKIMje 1 MeTabonm3Ma, rmojeaune henuje nmajy paznuanrte norpede 3a Tpuntodanom, mna je

arcopIrja U TUCTpuOynmja Tpunrodana CTporo KOHTpoircad nporec (124-126).

Harpujym 3aBuCHM TpaHCMEOpaHCKM TPOTEHMHH KOJU Cy CKCIPUMHUPAHH Ha aIlWKaJIHO]
MOBPIIMHYU EHTEPOIUTA PETYIUITY arncopOIujy TUprnTodaHa Koju MoKazyje HajMamby aPUHUTET
npema oBuM npotenHuma (125, 126).

Tpunrodan ce merabonume Ha Tpu HaumHa (122). Moxe ce mox JejCTBOM MHKpOOHOMa
TpaHchOpMHCATH y JIUTAaH]l XUAPOYTIbeHUIHOT apui penentopa (AhR), koju mema pyHKIHje
enuTenHe Oapujepe LpeBa M peryiuile UMyHCKY XxoMeocrtasdy y upeBuma (122). Ocum Tora
TpunTohaH XMAPOKCHIIA3a PETyJHIle NPOAYKIH]Yy CEepOTOHMHAa u3 Tpunrodana, a IDO
pasrpalyje Tpuntodan kuHypeHHHCKIM TyTeM (122). MeTtabonutu TpuntodaHa nmajy BaxxHy
yJIOTY y perynanuju GyHKIMja enuTeTHuX henrja 1 ouyBamky BUXOBE BHJaOMITHOCTH Kao U Y

MOJTyJIalIMj1 UMYHCKOT OJIrOBOpa y TaCTPOMHTECTUHAIHOM TpakTy (122).

IDO y cBojoj rpahu canpxu xem (127). Tpunrodan ce nox nejcteom IDO-a koHBepTyje y N-
(OPMIIIKMHYPEHIH HAKOH YeTa Ce CIIOHTAHO pa3jiaKke Ha aKTHBHE METa0OJIHUTE Kao IITO Cy 3-
xuapokcukuayperrH (3-HK), anTpanunny kucenuHy, KHHYpEHHHCKY kucennHy (3-HAA),
MUKOJIMHCKY ¥ XMHOJIOHCKY KucenuHy (QA) Koja je yjeTHO U TPEeKypcop HUKOTHHAMUJ aICHUH
munykieotnna (NAD+) (126). Ilponyktn kunypernuHckor nyra NAD+ u aneHosuH Tpu
dochar (ATP) yuecTByjy y cTBapamy e€Hepruje 3a henmjcku wmeraboimsam, Tma je
IDO/kunypenucku myT OuTaH 3a BUjaOuiaHOCT W mpoiudepanujy hemmja (126). IDO ce
MPOJyKyje y BHIIE helHjcKUX TUIIOBA W OpraHa yKJbydyjyhu WM racTpOMHTECTHHATHH TPAKT
(127-131). Enurtenne henuje, pubpobractu, Me3eHXUMCKEe MaTHUHE henrje Kao U UMYHCKE

hemuje mpoaykyjy IDO (130). Hajeha akTHBHOCT OBOT eH3UMa 3a0€eJIeKeHa je Y IEHAPUTCKAM
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henujama, makpodaruma, B numdoumtuma, NK henujama, akTuBHpaHMM MOHOIMTHMA,

rpanynonutuma (129-132).

[Topen kartabonuszma tpuntodana, IDO je Baxkan Mozekyn 3a mpeHoc curnana (133). IDO
nocenyje aBa naxuOuTopHa perentopcka Motusa (ITIMs), koju HakoH pochopunanuje genyjy
Kao MecTa 3a BE3MBAIE PA3IUUUTHX MOJEKyJa, MPH YeMy C€ aKTHBHpa IMO3UTHUBHA
(TpaHCKpUIIIHja) WK HeTaTUBHA (TTocTTpaHcianuona) moayiamnuja IDO-a (133). Moiekyicku
mabJIOHN KOjU TpOJy’kaBajy BpeMe monyxkuBoTa IDO-a oaprkaBajy MMyHOCYIIPECH]Y TOK
MOJIEKYJIU KOju cKpahyjy Bpeme noinykuBota IDO-a aHynmpajy uMyHOCynpecuBHe e(ekTe U

npomosuiry uapaamanujy (133).

Kox spymu, mopen IDO-a, y mojemuHuM TKUBUMa MeTaboimM3aM TpUNTO(paHa KaTaluzyjy H
IDO2 u Tpuntodan 2,3 muokcurenazy (TDO) (129). TDO ce mpoaykyje y jeTpu rae
KOHTPOJIHILIE KOHLEHTpalujy Tpunrodana 1ok je IDO2 nerekroBan y miaunentu (129, 131).

Pefefferkorn je npBu mokazao mmyHomoxaynauujucke egpexre IDO-a nemoHcTpupajyhu na
pexomOunanTHH IFN-y unxubupa pact Toxoplasmae gondi y ¢ubpobnactuma nomahmna
nocye pasrpagme Tpuntodpana (134). AkyMmynanuja TOKCHYHAX MeTa0oInTa KUHypeHuHa (3-
HK, QA, 3-HAA) orpanuumiia je pacT OBOT MHTpAIEIyJIapHOT Mapa3uTa, YuMe je MoKa3aH
3Havaj [FN- v y aktuBauuju IDO/kunypenunckor myta (134). Hakon BesuBamwa IFN- y 3a cBoj
perenitop fona3u 10 aktuBanuje Janyc kuHasa (Jak1 u Jak2), mro omoryhyje ¢pochopunanunjy
W TUMEepH3aIyjy MPEeHOCHUKA cHTHaa W aktuBanuje tpaHckpunmuje (STAT1), koju HakoH
yJIacka y jenpo MHAyKyje mpenucuBame reHa 3a IFN-y (134, 135). IFN-y je HajmoTeHTHUJU

aktuBarop IDO-a (134, 135).

1.3.1. Umynomonyaanuja IDO/KuHYypeHUHCKHM IyTeM

VY npBum cryaujama nosehana aktuBHocT IDO-a, Koja y3poKyje akyMmysauujy KUHypEeHUHA,
rmocMarpaHa je caMO Kao BakaH MexXaHW3aM henujckor merabonm3ma 300T yTHIaja Ha
npoayknujy NAD+ u ATP-a (135, 136). Melhytum, Benuku Opoj eKCriepuMHETATHUX CTY/IH]a
je 3atum mokazao na IDO moBomu 1o jokanHe Jeruienuje TpuntodaHa M “uU3riaamuBama’
henuje nok mertabomutu kao mro cy 3-HAA, KYNA, QA u 3-HK aupextHo nnxubupajy
nponudepanujy aktuBupanux T u B mmMdoruTa mro cynpuMupa CTe4eHd UMYHCKH OATOBOP
(137-139). Iloce6GHO je 3aHMMJbMBA YWI-EHHUIIA J1a CYy Ha amomnTo3y Koja je WHAyKOBaHa

IDO/kunypeHuHCKUM MmyTeM nocebHo ocetsbuBH Thl numdouutn koje nponukyjy IFN-y y
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nopehemy ca Th2 numdonuruma koju nponykyjy IL-4 ma Tako KHHYpEHHUH CETIEKTHBHO YBOILY
y anionto3y Thl mumdonnTe nocpenctsom Fas muranza mro akTuBanuyjoM Kacrmase-8 ocinodaha
nutoxpom C u3 muroxonapuja (140). C o63upom na cy Thl mumdonutu rmaBau uzBop [FN-y
Moryhe je 1a ce ’UXOBHM CEIeKTUBHUM ycMphuBameM onpskaBa O6ananc usmel)y Thl u Th2
henuja (140).

IDO je xpynmjanan y komyHukauuju usmehy DCs m nHamBHux T mmmdonmra jep DCs
nojayaHoMm mnpoxaykiujom IDO-a cTBapajy KMHYpPEHWH INTO TPOMOBHINE CTBapame U
excrian3ujy T perynatopuux numdouuta (Treg) um Ha Taj HAUMH UHAYKY]Y U OJpKaBajy
UMYHCKY Tonepanuujy (141, 142). Haume, KUHYpeHHH NPOMOBHUIIE EKCIIPECU]y
TpaHckpunuuoHor paxropa FoxP3 (Forkhead box P3, FoxP3) koju onpenespyje HamBae CD4+
T mumdonure ka umyHocynpecuBHUM CD4+FoxP3+Treg numdonuruma (135, 140, 142).
Toxkom muunmjanHe axtupauuje mupyjyhux Treg myrem T hemujuckor peuentopa (TCR)
curHaiu npexetu npeoreuH kuHasoM B (PKB/Akt) u myrem mTOR (eurn. mammalian Target
of Rapamycin) Mory na necTa0MiIu3yjy MMyHOCYNpecuBHU (eHOTHN OBHMX henuja u ga ux
penporpamupajy y wuH(uamanujcke T hemuje (139, 143, 144). Hucke KOHIICHTpaImje
TpunTodaHa y JOKaITHO] MUKPOCPEIMHU aKTUBUPA]y ITyTeBe cTpeca ykibyuyjyhu GCN2 kunHaze
yuMe ce Cynpumupajy curtaiHu myteBd Akt/mTOR2 (143). Ha civyan HauuH MOBHILEHA
aktuBHocT IDO-a aktuBanmjom GCN2 kunHaza nenyje Ha ( mannme TCR komruiekca
aKTUBUpaHUX IUTOTOKCHYHMX CD8+T mmumdponurta, yuMe ce oMeTa HHUXOBa aKTUBAIMja U
nutoTokcuyHocT (139, 144).

[Topen nupekTHOT MMyHOCYNpecuBHOT edekra Ha akTuBupane T henmje, IDO yuectByje u y
MHTpaheInjcKoj CUTHAMHM3AMjU KajJa OAp)KaBa pEryialuujcku (PeHOTHN IIa3MOLUTOUIHUX
DCs (pDCs) (145). Ose henuje cy ouran uzBop IFN-tum 1, koju cy CIOCOOHH Ja MOKPEHY
eKcrpecHjy TeHa 3a npoaykiujy IDO-a mro kao nocneauity uma ekcnausujy Treg mumdorura
(145). OBaj mporec je nenom perynucan aktuBanujom AhR (Aryl hydrocarbon Peceptor) (133,
146). Hakon o IDO nennerupa tpuntodan, MeTabOIUTH KHHYPEHUHCKOT ITyTa Ce MOHAIIAjy
kao nuranan 3a AhR mro 1oBoau 10 \merose TpaHciokamuje y jenpo. Y jenpy AhR unmykyje
TPAHCKPUIILIM]y NHJbaHUX TeHa Mmely kojuma je m FoxP3 mTo pesyntupa reHepucamem
FoxP3+Treg numdonura (133, 146, 147).

Ilopen renepucama HOBuX Treg numdounta, IDO/KMHYpEHUHCKMM ITyTeM KOHBEPTYjy ce
nHpmamaujcku CD4+T mumdponutu y Treg (148). Umynomonymnaropae DCs ctumynucane
TGF-B dbopmupajy natpahenujcku ckadoi 3a KOju ce€ Be3yje Src XOMOJIOTH PETHOH ca JBa
¢docarazna nomena (enria. Src homology region 2 domain-containing phosphatase-1) xoju
nedocopunuiry npoTeuHe y TpaHcAyKunonoj kackaau CD4+T mumdonmra 1 KOHBEPTYje UX
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y umyHocymnpecuBe Treg mumdormre (148). V mumdpuum yBopoBuma IDO onemoryhasa
koHBep3ujy FoxP3+Treg y Th17 nmumdounte (koje 6u mpomykoBaie 1L-17) mTo pesynarupa
akymynamujom Treg y mepudepnom truBy (141, 148). Treg nponykyjy IL-10, TGF-B na
nonasu ao cynpecuje Thl (IFN-y+) u Th17 (IL-17+) henuja (141).

IDO nopex Moaynaiyje cTe4eHOr UMYHCKOT OJIrOBOpa, MOAyJIupa u ypoheny umyHoct (149).
IDO mnpomoBumie koHBep3wjy HH(pIamanujuckux M1 y anTepHaTWBHO akTHBHpane M2
Makpodare koju mpoaykyjy IL-10 m TGF-B (149). MeraGomutu KUHYpPEHHHCKOT ITyTa
aktuBupajy Akt u MAPK kuna3ze p38 curnamHor myTa y MacTOLIMTUMA ITPH ueMy ce ocnodahajy
JEYKOTpHjeHH U mpocrtarjaHauHu Melhy kojuma je u PGE2 kxoju je HapouuTo OuTaH 3a

cymnpecujy nutotokcnunux NK henmja (149).

1.3.2. Moaynauuja uMyHckor oarosopa IDO/KHHypeHHUHCKHM NyTeM Yy
YJIEPO3HOM KOJMTHUCY

hemmje koje cy crocobHe ma mpoaykyjy IDO To unHe u Kaa HeMa 3anaberma, 1a Ou y TOKY
nH(pamanuje 3HauajHo moBehame oBy cuHTedy (150). Konm mammjenara oGosenux of
uHGIaMajUCKUX 0OJIECTH IpeBa Kao M y aHUMAJIHUM MOJIeIMMa U3MEpeHe Cy 3HauajHo Behe
koHnenrpauuje IDO-a (141, 150-152). Hakon c¢apmakonomke wuuxubunuje IDO-a wmm
nerenjoM rera 3a IDO 3Ha4ajHO pacTe MOPTAIHMTET JKMBOTHHA KOjUMa je WHAYKOBaH
konutuc 2,4,6-rpuHuTpodeH3eHcyndonckoM kucenuaom (TNBS) wm DSS-om (141, 150,
151). IloBehane cepymcke KOHIIEHTpallMjeé KMHYpeHHHa TpaTtu 3HayajHo Behu Opoj Treg
auMdoITa y KOJIOHY IITO TOBOAM A0 yonaxasamwa uHpaamanuje (153). Wolf u capagauim cy
MPBH TOKa3ald 1ojadany npoaykuujy IDO-a y mononykieapaum hemmjama (CD123+) koje
uHpmITpUITY cyOMyK03y KojoHa (154). Ananmu3om OuomnTaTta Ciay3HHUIIE KOJIOHA TalldjeHara
obonenux ox UC-a mokazano je na cy CD123+ pDCs rnasau uzBop IDO-a koju ytuue Ha
aktuBupane T nmumdponure n cMamyje omrehemwe mykose (132). IToehana aktuBHocT IDO-a
je 3abenexena u y cyonomymnamuju CD8o+ pDCs, kao u npyrum cyonomynanujama CD16+,
CD56+, CD80+, CD103+, CD123+ perynamujckux pDCs (132). ok cy Koa MuIieBa jeaa o
rnaBHux u3Bopa IDO-a CD103+DCs notne xox spyau nomynamuja CDI123+pDCs koja
npoaykyje IDO wmnu 0,2 no 0,8% henuja mepudepHe KpBH, Koje onjga3e Ha MECTO
nHbamanyje u UHIYKyjy Tonepanuujy (132). DCs koje mponykyjy IDO excnpummupajy y
Benukoj mepu TLR7 u TLRY peuentope (155). Hakon cumynTaHe akTHBaIlMje arOHUCTHMA

TLR7 u TLRY aktuBupane DCs kojona mnojadaHo excnpumupajy IDO unme yOnaxkaBajy
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konutuc mutnesa (155). Curnanau nyt IFN-y/STAT-1 je y aktuBupanum DCs Beoma 6utaH 3a
npoxaykuujy IDO-a mto je mokazano y STAT-1 nedunmjeHTHUM MUIIEeBHMa KO KOJUX CE HE
Ocnexxn akTUBHOCT oBor eH3uMma (156). Ilojauan wummyHcku oxaroop Thl morehara
koHneHTpauuje IFN-y u nonctuue excnpecujy IDO-a y CD103+ DCs, 1ok nojadyaH UMyHCKH
onrosop Th2, xkome je cBojcTBeHa nmojayana npoayknuja IL-4, uaxubupa npoaykuujy IDO-a y
DCs mpesa (157). CD123+/IDO+pDCs spymu n mumuje CD103+/DCs mpoaykyjy Bemuke
konumuuHe IDO-a xoju kouBepTyje epexropcke Thl u Thl17 mumbornure y Treg unme ce cTBapa

MMYHOCYTpEeCUBHA cpeauHa y Konony (141, 158).

ITopen DCs mojauana aktuBHocTH IDO-a je nerexkToBaHa M y enuTeNHUM hennjama KOJOHa,
HApOYMTO Ha 000JMMa yIIepanyja, IITo HaBOIU Ha 3akiby4ak aa IDO mma OuTHY yiory u'y
nporiecuma 3apactama omrehene mykose (159).

[Topen omumcane koHBep3HWje akTUBUpaHMX HHGMIaManmjuckux auMmponuta IDO uma u
aHTUMUKpOOHHM edekaT y kosony (159). Ilomro ce IDO npoaykyje HajBulle y npeaeauma rie
je emutenHa Oapujepa omreheHa, oBaj MOJEKyJd AerjenujoM TpuntopaHa onemoryhasa
pa3MHOXKaBamkbe W Mpojaop OakTepuja umja nposmdepanuja 3aBucu ox tpunrodana (159).
[Topen Tora, oBaj €H3UM PETYJIHIIE K UMYHCKH OJICOBOP HAa KOMEHCaJIHe OakTepuje (63) n nma
OWTHY yJIOTY Y HHTE€paKU1ju u3Mel)y mpoOuorckux 6akrepuja u uMmyHckor cuctema (160, 161).
Takobhe, je y ekcriepuMEHTaTHOM MOJeNly KoiduThca uHaykoBaHor TNBS-om mokaszano na
Bifidobacteria nosehasa nponykiujy IDO-a y DCs kojioHa IITO 32 IOCTEANITY UMa EKCITAH3H]Y
Treg nmumdornura n yonaxaBamwe koautuca (161).

Henasne ctynuje cy nokasaie na cy, nopen DCs u enurennux henuja, m MSCs 3Hauajan nu3Bop

IDO-a (162, 163).

1.3.3. IDO y ycHOj nym/bu

HctpaxuBama cy nokazana ga IDO cmamyje nndaamanujy u 'y ycHoj aymsn (164-169). IDO
NPOAYKYjy TMHIMBaJHU (uOpobiactu, Me3eHxuMcke mMatuuHe hemuje runruse (G-MSCs),
Me3eHxuMcke MaTtuuyHe hemuje 3yone mynme (DP-MSCs), me3eHxuMcke MatuuHe hemmje
nepuonorTanHor guramenta (PDL-MSCs) kao nu DCs koje cy nHGMITpHCaHEe TKHBO OPAITHUX
nesuja (170). IDO ce KOHCTaHTO MPOAYKYje Y TMHTUBH JbYIH, a HEroBa €KCIpecHja pacre
TOKOM XxpoHu4He napogonronaruje (170). ExcrepumentanHo je Aoka3aHO Ja OaKTepHjCcKu

NPOAYKTH M HMH(]IaAMalMjCKU TUTOKMHHU TojadyaBajy npoxaykuujy IDO-a y mapogoHTamHUM
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ne3ujama (164-167, 170). Hakon aktuBanyje runruBaiaaux ¢pudpobdnacta, G-MSCs, DP-MSCs,
PDL-MSCs kao u DCs, LPS-om wmmu IFN-y cBe oBe hemmje mpomykyjy IDO u Ttako
cynpumupajy excranzujy uapaamanujckux CD4+T-bet+IFN-y (Thl) kao u CD4+RORyT+IL-
17 (Th17) numdonuta u koHBepTYjy X y Treg numdbonure, cTBapajyhun UMyHOCYIPECUBHY
Mukpocpeauny (167-170). Matuune henuje nzonoBane u3 nepuanukansux jgesuja (PL-MSCs)
cy crocoOHe na, mocpenactsom IDO-a, renepurty Toneporenn ¢penorun DCs koje, 3aTum, 300r
CMameHE aJJOCTUMYJIAIN]CKE aKTUBHOCTH HHYKY]y aHeprujy epexkropckux Thl mumdonura n

eKCIaH3Mjy UMyHocymnpecuBHUX Treg nmumdoruta (168).

1.4. MSCs y Tepanuju yJuepo3HOr KOJMTHCA

MSCs, cy ce y OpojHUM EKCHEpUMEHTAJHMM M KIMHUYKAM CTyJHjaMa, MOoKasaie Kao
MOTEHIIMjaJTHO HOB Tepanujcku areHc 3a mopnyiamujy UC-a (171). Cmatpa ce ma MSCs
Moceyjy BEJIWKH TMOTEHIHUjall 3a JICYCHEe YIIEPO3HOT KOJIUTHCAa 300T CIOCOOHOCTH 1a ce
nudepeHTyjy y enuTeNHe henwje mpeBa, Ja MOTEHIMPAJy aHTUOTCHE3y W HajBaKHHjE, Na

Moceyjy u3pazura UMyHOCYIIpecuBHa cBojcTBa (172).

1.4.1. IludepentoBame MSCs y enutesiHe hesmje npesa

Komynukaruja MSCs ca enurtennum henujama npeBa u ca uMyHCKuM henujama OuTHa je 3a
oJpkaBaBame xomeocTase 1upena (173).

VY in vivo excnepumenTuMa MSCs H305I0BaHE M3 KOCTHE CPXKU Cy ce IU(EepeHToBaje y
enuTenHe hemuje y mpucyctBy (hakTopa pacta keparuHouuta (eHrn. Keratinocyte Growth
Factor, KGF), xenatouura (eurin. Hepatocyte Growth Factor, HGF), enunepmansor ¢akropa
pacta (eurn. Epidermal Growth Factor, EGF) u uHCcnuHy-cimuHOr (hakTopa pacrta (EHII.
Insulin-like Growth Factor-II, IGFII) (174). Y3 T0, pe3yiTaTy MojeJMHNX CTyAHja YKa3yjy u Aa
HakoH TpacruianTamnuje, MSCs nonpumajy ocoOrHe pe3uieHTHUX henuja npesa Gy3ujom, a He

nudepeHToBameM y enutenne henuje (175).
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1.4.2. Yiora MSCs y aHruoresesu

MSCs Mory naa TOJCTaKHy aHTHOTCHE3y NPOAYKIIHjOM HEKOJIUKO IPO-aHTHOTCHETCKIX
(haxTopa: dakrop pacta BackymnapHor ennorena- VEGF (enrn. Vascular Endothelial Growth
Factor), basuu ¢dakrop pacta ¢ubpodnacra- bFGF (eurn. basic Fibroblast Growth Factor),
[Mnanenranau dakrop pacra- PGF (enrn. angiopoietin-1, Placental Growth Factor), ®akTop
pacta nopekiioM u3 Tpomoboruta- PDGF (enrn. Platelet-Derived Growth Factor), TGF-B, IL-
6, ®dakrtopa pacra emmmepmuca- EGF (enrn. Epidermal Growth Factor), ®aktop pacta
xenatouuta- HGF (eurn. Hepatocyte Growth Factor), XeMOTaKTHUKH NMPOTEMH MOHOLIUTA-
MCP-1 (eurn. Monocyte Chemotactic Protein-1) dYuMe moACTHYY mpoiudeparujy
(YHKIIMOHATHUX EHAOTSIHUX henwja W Tako HMHIYKY]y HEO-BacKyJapu3aldjy BakKHY 3a
perenepanujy TkuBa (176). MSCs, KyaTHBHCaHE y TTOCEOHUM YCIOBUMA, ITOCEY]Y TOTCHIIH]aT
na ce qudepeHTyjy y enaorenHe henuje u ga cTBOpe KanmuiapHy MpPexy, Kako je IOTBpheHo in

vitro u in vivo (177, 178).

1.4.3. Umynomonyaanujcka csojcrea MSCs

MSCs mory, AMPEeKTHUM KOHTAaKTOM Kao U MPOIYKIMjOM COTYOMIHUX MEIHjaTropa, Aa yTHIy
Ha hemmje umyHckor curema. MSCs cynpumupajy wuH(pramamujcke M1 wmakpodare u
MMPOMOBHIITY HUXOBY KOHBEp3Ujy y mMmyHocynpecuBHe M2 hemuje (179). Takohe, MSCs
CynpuMupajy cazpeBame DCs 1 Meajy BUXOB IUTOKMHCKH MPOQMIT TAKO IITO UMUHXUOHUPA]y
npoaykuujy npouHduamammjckux (IFN-y, IL-12), a mnoactudy mNpoayKuUMjy aHTH-
nHpnamanujuckux murtokuHa (IL-10) mTo pesynrupa cympecujom eheKkTopckux (yHKIHja
nHpmamanmjckux T mumdpornura (180). MSCs wmemwajy muTokuHcku mnpodun CD4+T
auMQolnTa TaKo MTO cynpumupajy cunrely nuurtokuHa (IFN-y, IL-17) cBojctBenux Thl u
Th17 nmumdoumtuma nox mnoactuuy npoxykuujy IL-4 wu IL-10 kapakrepucTH4YHHX 32
epexropcke Th2 mumdorure (181). MSCs Mory na naxubupajy npomudepannjy Thl u Thl7
edhekTopckux  nuMmdonura  aktuBamjom  PD-1  pemenTopa, 0K MpPOAYKITHjOM
Tpancpopmumyher ¢akropa pacta-p (eurn. Transforming Growth Factor-f, TGF-B) nnu IL-
10 moBehaBajy undunrpar Treg numdponura y npeBuMa 4uMe CyNpUMHUPaA]y HHGIAMAIH]y
(182). MSCs cy no3nare kao norentHu u3Bop IDO-a (183, 184). Hakon ctumynanuje [FN-y,
MSCs npoaykyjy IDO, npu yemy maxubupajy T m B henmjcku oaroBop u MHXUOHPA]y
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IUTOTOKCUYHOCT, Mpojudepanujy ¥ NpOAYKIH]y HMyHONOTeHUMpajyhux muroxkuHa NK

henmja (185-192).
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2. IUJBEBU UCTPA’KUBAIHBA

'maBHM 1MJP OBOT MCTpaXHBama je Aa ce ucrnmra yiora IDO-a y HacTaHKy W pas3BOjy

YJIIEPO3HOT KOJIUTHCA U MHIYKIHUJH pereHepanrje omreheHe Cry3HHuIIe.

CarjacHo OBOM FCHCpPAJIHOM ITUJBY YTBpheHI/I CYy U CKCIICPUMCHTAJIHU 3aXTCBU:

1. UcniutaT Monekyicke Mexanu3me kojuma IDO noacTude pereHepanujy MyKo3e [peBa Kol

nanujeHara 00oJIeTuX O] YIAIEPO3HOT KOJUTHUCA.

2. Ucnuratn MoryhHOCT oapehuBama KOHIEHTpalWje KHHYpEHHUHa y cepyMmy, (deuecy, u
CYJIKYyCHOj TEYHOCTH Kao HOBOI IHMjarHOCTHYKOI IlapaMeTpa 3a mnpaheme pereHepanuje

CITy3HHIIE I[peBa KO 000JIeTTUX O] YJIIEPO3HOT KOJUTHUCA.

3. Ucnurartu 3nHavaj IDO/KMHYpEHWH CHUTHAIHOT IyTa Y WUMYHOMOIYJAIUjH YJIIIEPO3HOT

KOJIUTHUCAa ME3CHXUMAaJIHUM MaTUYHUM hennjaMa.
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3. HAIIUJEHTHU, MATEPUJAJI U METOJE

3.1. lauujentu

Y 0BOj cTyIjU yYECTBOBAJIO j€ YKYNHO 65 nanujeHaTa 0001eaux o1 yILepo3Hor konuruca (38
MymIkapana u 27 xxeHa), npoceude crapoctu 50 roauna (y omcery o 23-79 roguna). Takole,
CUCTEMOM CITy4ajHOT 0J1a0upa y CTYIH]y Cy YKJbyUdeHe 3/ipaBe 0co0e Kao KOHTpoIHA Tpyma. 11
MyIIKapana u 9 xeHa, mpocedne ctapoctu 48 roauna (o1 25 mo 75 roauHa) mperienane cy y
npoctopujama Kmmuuukor mentpa KparyjeBarn. OOomenenu oIl YJIIEPO3HOT KOJHUTHCA CY
CBPCTaHH y JABE Tpyme: 00OJeNHu ca MPOorpecuBHOM Oolemihy M MalMjeHTH ca CIIOHTaHOM
pereHepanyjoM CIy3HHUIIE IIpeBa, a CBPCTaBaHW Cy y Tpyne Ha OCHOBY Mayo ckopa,

€HJIOCKOTICKOT HaJla3a, XUCTOJIONIKe U KinHuuke nporeHe (Tadena 1) (193, 194).

OpekBeHIja MPaXkHEeHa PeBa PexranHo kpBapeme
0- HopmanHa 3a manujeHra 0- Hema kpBapema
1- 1 1o 2 cronuiie BUIIIE HETO YOOUYajHO 1- KpBapeme y Mame 0] Iojia NpaKmbEha
2- 3 10 4 CTOJIHIIE BUIIIC HETO YOOHUYajHO 2- CBexe kpBH y BehuHHU eBakyarluja
3- peKo S5 cToNHIa BUIIIE HETO YOOMYajHO 3- CBexa KpB IMIPUWIMKOM CBUX €BaKyallrja

Enpmockoncku Hamnas

0- Hopmanna Myko3a, peMucuja ['mo6anna MeTUIIMHCKA TTPOLICHA
1- bnaxkxu 065uk (eHaHTEeM, 30pHCaH
BAaCKyJIapHHU I1a0JIOH) 0- Hopmaiso
2- YMepeH o0k 0onecTr (M3pakeH EHaHTEM, | |_ Biar o6iIuK
U30pHCaH BaCKyJapHU 1a0JI0H, KPXOCT 2- VMepeH 061HK
CIIy3HHUIIE, EPO3HjE) 3- Texu 06K
3- Texu 00muK 60secTu ( CIIOHTaHO KpBapeme,
yIIIeparje)
Cxkop(mioeHn) O30uspHOCT OONIECTH
<2 Knmuanuka pemucuja
3-5 bnar o6mmk

Tabena 1. Mayo knunuuku ckop
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KosnoHockonujy je paauo jenaH TracTPOCHTEPOJOr MOK Cy NpOIEHY cTama 00JIeCTH U
CKOpHUpame, HE3aBUCHO jelaH O]l IPYror MpoIemuBaia JBa racTcrpoeHteposora. Obonenn
Koju ¢y Mayo ckopoM, oJ1 OlieHe 3 WK 2 TIPEIILIN Y OTICET oliekhHBama 1 u 0 Kareropucanu Kao
MaIMjeHTH Ca CIIOHTAHOM PEreHPaljoM MYKO3€ JIOK MAIjeHTH ca OIeHOM 2 u 3 cy
KaTeropucaHu Kao NalMjeHTH ca MOTPEeCUBHUM o0O0muKoM Oojectu. KimMHWUYKM ckop je
YCTaHOBJbCH Ha OCHOBY Truelove and Witts nanekca kimanIKe akTuBHOCTH (195) (Tabena 2).
Xucronomku ckop Oonectu je onpehen Geboes-oBom ckamom (196). Ilammjentu ca
JIjarHOCTUKOBAHUM KOJIOPEKTATHUM KapiuHoMoM U KpoHoBOM Oonemnrhy ¢y HCKJbYYEHU U3
crtynuje. On manujeHata cy y30pKOBaHHM OHoMNTaT mpeBa, Qerec U KpB, JOK je O]l 3ApaBHX
marpjeHaTa y30pKOBaHa cToiuna W KpB. MccnuTtmBama cy m3BeneHa y: Kimaumm 3a
I'actpoenTeponornjy, Knuanukor nientpa Kparyjesan, LleHTpy 3a MOJIEKYJICKY MEIUIIMHY U
UCTpaXMBalke MaTHYHUX henuje, DakynreTa MEIUIIMHCKAX HayKa, YHHBEpP3UTETa Y
KparyjeBiy. ETHYKM KOMHUTETH OBUX YCTaHOBA OJ0OpWIIM Cy H3BOhECHE OBOT MCTPAKUBAHA
(omobpeme 6poj 01-5149 ox 18.05.2015. rogune). On cBUX ydecHUKa CTyAHje JAOOHjeHA je

nucaHa cariiaCaHoCT.

[Ipaxmeme 1pesa <4 >6
Temmnepatypa Hopmanna >37.5 2X THEBHO
Cpuana ¢pexBeHIHja <100 >100
XemornoouH Hopwmaisao <75%
Kpsase cronuue IToBpemeHo Yucra xpB
CenumenTanuja (mm) <30 >30

Tabena 2. Truelove and Witts unoexkca Kiunuuke akmueHocmu
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3.1.1. Y3opkoBame CYJKYCHEe TEYHOCTH O] 000JeJUX OJ YJUEepPO3HOT
KOJIUTHCA M 3PaBHUX KOHTPOJIA

JlaH HaKOH KOJIOHOCKOTHj€ 0/ 000JIeTUX je y30pKOBaHa CYJIKyCHA TE€UHOCT U3 TMHTHUBAJTHOT
cylkyca ocaM 3y0a. [lo nBa mpeama u mo aBa 60yHA 3y0a y TOPH0j M JI0H0j] BUIUIU. 3yOn
HUCY OWJIM MPETXOTHO KOH3EPBATHBHO 30pHIbaBaHU, HUCY MMaJIM MAapOJOHTAHE IICTIOBE W
CYJKycH HUCY Oumn ayosbu o 4 munumerpa. Ilpe y3opkoBama, YKIOWEHE Cy Haciare, 3you
Cy M30JIOBaHH MATMPHUM TTOSHUMA, TIOCYIIICHH U y THHTUBAIHU CYJIKYC j€ YHET allCOPIIIUOHN
narup (Periopaper,Pro Flow, Amityville, NY, USA). Ancopnuuwonn manup je apxkad 30
CeKYH/IM, HaKOH 4Yera je npebaueH y enenop¢ tyOy ca 150 mukponurapa FBS-a (fetal bovine
serum). ATICOPIIIMOHU TaNUpPH KOjU Cy OMIM KOHTaMUHHMPAHH KpPBJbY, KOHKPEMEHTHMA,
MJbYBaYKOM WJIM HAcJIarama cy o10aliMBaHu. Y 30pIii Cy BOPTEKCOBAaHH, U IEHTPUPYTHpPaHH HA

1500G, na 4°C, 5 munyTa. 3aTuM cy cknaaumteHuH Ha -20°C no anammze (197).

3.1.2. Mepewe UUTOKMHA, ¢eKaJaHOr Kajanorerkruna, CRP-a u
KOHUEHTPALMja KUHHYPEHUHA y CepPyMY, CTOJMIU U THHTUBAJIHOj TEYHOCTH
namujeHara ca yJuepo3HuM KOJUTHCOM M 3IPaBUX KOHTPOJIa

JlaH mpen KOJOHOCKONM]Yy jeé OJ MalyjeHaT y3uMaH y30pak KpBU M cronuie. M3 KpBu
nalyjeHaTa u30JI0BaH je cepyM LeHTpudyrupemem, Ha 450g, 10 MuHyTa, KOjU je YyBaH Ha -
80°C. PenpesenrtatuBHu fenoBH cTonuie (5-10g) KOIEKTOBaHU Cy Y CTEpHUIIHUM KOHTEjHEpUMA
Y OJIMEPEHH TaKo Ja OM ce HAKOH pacrojielie y alukBoTama (1o 1g) pecycrneHoBai KOKTEIOM
uHXubuTOpa nporease (protease inhibitor cocktail- SIGMA, P83401), pazbnaxunu y ogHocy
1:100 u nmorom nerrpudyrosanu Ha 1500g y Tpajamy oA meT MUHYTA, IPU TEMIIEPATYpPH O
4°C. IokymsbeHH cymneHaTanTu ¢y noroMm uybanu Ha - 80°C (198). KonnenTtpanuja dakropa
Hekpo3se Tymopa (enri. Tumor Necrosis Factor o, TNF-a), untepneykuna (enri. Interleukin) -
10, CXC motif chemokine 11 (CXCL-11) u IL-17, ¢pexannor kannpoTeTkTuHa u L] peakTuBHOT
nporenHa (CRP-a) m3mepenn cy ELISA xomeprujamaum kutoBuMa (R&D  Systems,
Minneapolis, MN, USA), npema ynytcTBuma ripousBohaua. Komeprujanaum ELISA kutoBuma
Mepuiu cmo konnentpanuje IFN-y, IL-1P, IL-17, IL-23, IL-12, CXCL11 u IL-10 y cynkycHO]

teyHocTu. AKTUBHOCT IDO je yTBph)eHa crieKkToOMeTpHjCKuM MepemheM KuHypeHuHa (199).
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3.1.3. Anaausa ¢peHoruna henuja u30/10BaHUX U3 JaMUHE NMPOINPHUje TKUBA
nAedeJior peBa ManujeHaTa 000J1eJMX 0/ YJIIePO3HOT KOJIUTHCA

@®enotun xonmoH-uHGuUATpUIIYhux henuja, noOmjeHnx w3 OWomTaTa LpeBa MaldjeHara ca
YIEPO3HIUM KOJIMTUCOM aHAJIM3UPaH je MPOTOYHOM IIUTOMETpHjoM. bronTaTu cy onpanu Tpu
nyta y HBSS-y (earn. Hank's balanced salt solution Sigma-Aldrich, St Louis, MO, USA).
OBako wucnpane hemuje cy wunHkyOupane y HBSS-y ca 1ml EDTA (enrm.
Ethylenediaminetetraacetic acid) necer muHyta mnipu Temneparypu ox 37°C. la 6u ce
yKJIoHWIE enuTenHe henuje y3opiu cy 6naro memanu. Ilocme Tora henmje cy mpane HBSS-
oM, uHkyoupane 20-30 munyta y 2ml DMEM-a (eurn. Dulbecco’s Modified Eagle Medium)
ca Img/ml konarenazom tuma I (=336U/ml) (Sigma-Aldrich), 0.1mg/ml DNAse-om (Sigma-
Aldrich) n 1mg/ml xujanoyponunazom (Sigma-Aldrich) 6e3 FCS (enrn. fetal calf serum) npun
temriepatypu o 37°C. 3atum cy henuje nBa npane y PBS-y (eurn. Phosphate-buffered saline)
Y Ha KOHILy TOMEIIIaHe ca rpaaujeHToM Ficoll-a, na 6u motom 6une neHtpudyroaHe Ha 690g
y Tpajamy O ABajJieceT MUHyTa 0e3 ynorpebe kounuua. [1axxspuBo ykiIomeH nHTep(ha3Hu cIioj
je npan y PBS-y. Jlobujena henmjcka cycrnieH3uja onpana je asa myTta 6adepom Koju caapixu
0.05% NaN3, 0.1% BSA (Bovine Serum Albumin), n 0.4% TCD (Trisodium Citrate Dehydrate)
nonat y PBS. 1 x 10° henuja je "HKYOMpaHO ca MOHOKJIOHCKMM aHTH-XYMAaHHMM TIOBPINMHCKUM
aaturenuma CD4, CD56 (200, 201). Marpahenujuckum 6ojemeM odenexene cy henuje koje
nmpoaykyjy IFN-y, IL-10, IL-17 u FoxP3 (Ta6ena 3). [Ipe uatpahenujuckor 6ojema hemuje cy
npetxoaHo ctumuynucane 4h va 37°C ca Sug/ml phorbol 12-myristate 13-acetate-om (PMA)
(Sigma-Aldrich St.Loyis, USA), 5 pg/ml ionomycin-om (Sigma-Aldrich St.Loyis, USA) n 1pl
Golgi plug (BD Biosciences, San Jose, CA, USA). Ilocne Tora obaBibeHa je ¢uKcanmja u
nepmeabum3anuja npumeHom BD Cytofix/Cytoperm kit-a (BD Biosciences, San Jose, CA,
USA) wu obenexeHe oaroBapajyhuMm MOHOKJIIOHAJTHUM aHTUTEIMMa KOBYTOBAaHUM ca

(bayopoxpom-om.

35



IoBpuIMHCKO 00e1eKABAHE

CneuuguyHocT
Obene:xxnBay Kiion HN3oTnm ITpousBohau
aHTHTEJA

BD
CD4 Mouse IgG1, 557871
Biosciences

BD
Mouse IgG1, 561903
Biosciences

HNuTpahenunjcko odoJieskaBame

CneuudguyHocT CAT nau

OoenexnBav Kiaon H3oTnm IIponseohau
aHTHTEJIA REF

BD
IL-10 JES3-19F1 Rat IgG2a, 566567
Biosciences

Mouse IgG2b, BD
IFN-y 558937
K Biosciences

BD
IL-17 N49-653 Mouse IgG1, 560491
Biosciences

Mouse BALB/c BD
259D/C7 560045
IgG1 Biosciences

Tabena 3. Monoknoncka anmumena

3.2. JIabopaTopujcKe ;KUBOTHH>E

Hctpaxuame je cripoBeneHo Ha cojeBuMa mumieBa BALBc u C57BL/6. Etnuka komucuja 3a
3alITUTY JOOPOOUTH OTJIeHUX >KUBOTHIA, DakysTeTa MEAULIMHCKUX HayKa 0JJ00puo je cBe
npennoxeHe mpoueaype (omodpeme 6poj 01-6052 ox 15.05.2017. rogune). Kopumthenn cy
MHUIIIEBU MYUIKOT ToJa, 6 10 8 Helnesba cTapocTd. MHUIIEBH Cy OOpaBHIN Y KOHTPOJIUCAHUM
yclloBUMa ca AHEBHO/HOhHUM LuKiycoM oa 12 caru, ctanne temmneparype oz 28°C. MuieBu
Ccy uManu ciao0ojaH MPUCTYN XpaHW, BOAM WIHM ACKCTpaH HapujyMm cyndaty (eHri. dextran

sodium sulphate, DSS) 3aBUCHO 01 TPUNIAAHOCTH €KCIIEPUMATAIHO] TPYIIH.
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3.2.1. UHayKuuja eKcnepuMeHTAJTHOT KoJuTHca npumMenoMm DSS -a

Jenan o Hajuenrhe kopuImheHNX XeMUJUCKHX aHUMAITHUX MOJIejIa KOJIMTHCA j& MOCIT H3a3BaH
DSS-om. OBaj monen 6onectu je omadpaH 300T CAMYHOCTH ca XYMaHOM CHMIITOMATOJIOTH]OM
Y MAaTOXMUCTOJIOUIKOM CIIMKOM 3a OBy cTyaujy. 3% DSS monekyncke texxune on 40 kDa (TdB
Consultancy, Uppsala, Sweden), pacTBOpeH je y IECTHIOBAHO] BOJU. MWIIEBU Cy UMAaH
c11000/1aH MTPHUCTYTI paCTBOPY S AaHa HAKOH Yera je HaCTYIHO MEPHO/I OITopaBKa o1 7 JaHa Kaaa
cy mutmieBu nooujanu Boay (202). KonTposHa rpymna MUIieBa je mpuMaia JeCTUIOBaHYy BOY.
[IpahemeM KIMHUYKOT CKOpa MOCMAaTpaH je TOK OOJIECTH JOK je CTeneH omTehema yCTaHOBIbEeH

IaTOXUCTOJOIMKOM aHAJIU30M.

3.2.2. OapehuBame KIMHUYKOT CKOpa

Knunanukum ckopom (eHrn. Disease Activity Index, DAI) npaheH je Tok 6onectu (202) (Tabemna
4). [locMaTtpanu cy ryOuTaK TeJIECHE TeKMHE, KOH3UCTEHIIMja CTOJIHIIE U TPUCYCTBO PEKTAITHOT
KpBapema TOKOM 12 nmaHa Tpajama ekcriepumeHTa. OBH mapameTpu, YeCTH Cy CHMIITOMHU
yIILEepO3HOT KojuTHca. JKpTBOBame MHIEBa 00aBJbeHO je 12-or maHa momohy auerumneTpa

(BETA HEM, Bbeorpan).

['yburak TenecHe mace ‘ Konsucrennuja ¢eneca PekranHo kpBapeme

Hema ryOuTKa HOpMaJTHa HEMa KpBapema

c1abo KpBapeme

>15% Ijapeja BEJIMKO KpPBapeHe

DAT* ce pauyHa kao 30up CBHX IapaMerapa I

Ta6ena 4. Knuanuku ckop (enri. Disease Activity Index, DAI)
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3.3. XHUCTOJIOIIKA aHAJIN3A

3.3.1. U3paga u npunpemMa uce4aka TKUBa

ITocne XpTBOBama, OACTPAECH je KOJIOH MHIIEBA M INPEMEpeH O IIeKyMa J0 peKTyMa.
N3onoBano nedeno upeBo je ucrnpeano PBS-oM, npeceyeHo JTOHIUTY IMHAIHO U YPOJIaHO SWiss
roll Texuukom (203). @ukcanuja y3opaka obaBesbeHa je momohy 4% pactBopa Gpopmanuna, y
Tpajaky ox 24 cata. Komaau TkuBa Cy HakoH (puKcanuje AEXHIpPHpPAHH y BUILIE HaBpaTa
ankoxosioM pactyhux kuHneHrpaunuja (70%-100%), TpeTupaHu KCHIIOIOM U OJJIOKEHH Yy
napadus. TKHUBO je ceueHo cepujcKu, MUKpOTOMOM (Leica RM 2135, Austria), no nebJbune o1l

4um.

3.3.2. bojeme npenapara

Hakon nenapaduHM3anyje KCUIONIOM M JeXuipaTanuje, UCeUIH ¢y 000jeHH CTaHAapJAHOM
XHCTOJIOIIKOM TEXHUKOM XCHATOKCHIMHOM U €03HHOM, TIOTOM MOHTHPAHU U TOCMaTpaHaH IO/

CBCTJIOCHUM MHKPOCKOIIOM.

3.3.3. XHCTOJIOIIKH CKOP

3a ananuzy je omaOpaH AMCTaIHH aHOPEKTATHM pervoH. EmuTenHe jne3uje W 3ama/beHCKU
WHOWITPATH aHAJIM3UPAHH Cy OYyOHMYajHUM TPOTOKOJOM, IIOCMATPAmEM CBETIOCHOM
mukpockonrjom (yBehame 40x m 100x) m ckopupanum Ha OCHOBY omTehema emnuTana,
hemnjuckor wHbunTpara (Tabema 5) um ¢dororpaducann nurutanHauM amapatom (BXS51,

Olympus, Japan) (204).
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I Ckop Enuren Wudunrpanuja

0 HeHapyImieHa Mopdooruja 0JICYyCTBO MH(UITpAIHje

30pucane kpunte y Behunu 3aMabeHCKU UHOUITPATH CE MIPOCTUPY

BUIHUX T10Jba 10 cyOMyKko3e

Ckop ce nobuja cabupamem 00a mapameTpa ca MaKCHMAJTHUM CKOPOM 8

Ta6ena 5. XuCTONOWKH CKOP

3.4. ®apmakoJiomika HHXUOUIKja nHaoaaMuH 2,3 neokcurenase (IDO)

Kako Ou cMo mnxubupanu akruHocT IDO-a, BALB/c mumeBuma koju cy npumanu DSS,
NpPBHUX IET JaHa EKCIIEPHMEHTa YIOpeIOo je alIMKOBaH M XeMHjcku nuxuburop IDO-a, 1-
methyltryptophan (1-MT, Sigma-Aldrich) pacTBOpeH y NECTHIIOBAHO] BOAM y KOHIICHTPALIU]jU
ox 2 mg/ml (205).

3.5. Rheaunjcka MuHMja MUIIMjUX Me3eHXUMCKUX MaTHYHUX heanja (MSCs)

VY ucraxuBamwy cy KopuirheHe komepijanHe Juanje MUmujux MSCs H30710BaHe U3 KOIITaHEe
cpku mummjer coja C57BL/6 (Gibco/Invitrogen, kar. 6poj S1502-100) kao u KomepuujaHe
MSCs u3onoBane u3 koctHe cpxxu BALBc mumesa (Cell Biologics xat.6poj 1308071612 lot.
5043). hemuje cy ysrajame y DMEM wmenujymy (Dulbecco’s Modified Eagles Medium) ca
nomatkoM L-rioyramuH, HeeceHmmjanmHe amuHokucenmue (10x), penicillin/streptomicin n
(deramau roBehu cepym. MukyOamuja je oOaBesbeHA Yy yCIOBMMa ayTOMAaTCKE peTyJaiuje
temneparype (37C°), KOHIEHTpauuje yriUbeHIUMOKcHaa y Basayxy (5%) M y amcoiyTHO]
BnaxxkHoctu. CBe pagme o0aBjbeHE Cy Yy CKJIaQy ca YIOyTCTBOM — HCHOPYYHOIA

(Gibco/Invitrogen).
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3.5.1 Amstukanuja MSCs

JIpyror ¥ mNeTor [aHa MUINEBMMa je MHTpanepuToHeanHo armmkoBaHo 1x10° MSCs

pecycnengoBanux y 200ul 0.9% NaCl (206). Murmesu cy npumanu MSCs cBor coja.

3.6. M3os1aniuja MOHOHYKJ/Ieapa NPUCYTHUX Y JAMUHHU NPONPHjH 3UAA

naedeJsior peBa

W3 u3nBojeHux KooHA M30JI0BaHe Cy henuvje Mo yctaHoBJbeHOM mpoTokony (207). Komox je
MpPEeCeYeH JIOHTUTYAMHAIHO U JIOJAaTHO YCUTHEH Ha 3-4 nena. OBako J00MjEHH HCEULU Cy
ucnipaau HBSS-owm (enrit. Hank's Balanced Salt Solution, HBSS) 6e3 Mg u Ca. [Ipe nurectuje
TKHBO je motorybeHo y HBSS (xome cy momatu FBS, HEPES, EDTA). IIpunpema je tpajana
Tpeunecer MuHyTa Ha 37°C (BOAEHO KYNaTHJIO) HaKOH 4era Cy ()parMeHTH LpeBa IMOHOBO
tpetupanu HBSS-oMm u name ycutwmaBanu 1a 61 ce najbe oopahuBanu koiareHazoM D u Dnase.
OBa mporeaypa Tpajaia je jeman cat Ha Temmepatypu onx 37°C y BOJEHOM KyMaTHIy IO
yoOnW4ajHO] W omucaHoj mporeaypu. Ilocime Tora caapikaj je mpomymiTaHa Kpo3 hemmjcke
cTpejHepe paznnuutux aujamerapa (100um u 40um). @unrpat je nenrpudyronan (450g, 10
muHyTa). Tajor je nomewman ca Percoll-om (30%), a moToM je naxkJbuBo ycyT Percoll anu cana
cemameceTorponeHTHu. CBe 3ajenno je nentpudyrosano (1100g, 20 munyTa), 6€3 KOUCHA.
Jobujena cy tpu cnoja: 1. enurenHe henvje y MOBPIIMHCKOM CIIOjY, 2. Y CPEAEHEM CIIOJy CY
MOHOHYKJIeapH, 3. n1ebpuc u MptBe henuje Ha AHY. [[aXKJBUBO je MOKYIUbEH CII0] Y KOME CY
MOHOHYKJIEApH H TIPEHET y MeaujyM a 6poj hemuja 3a ®noy nuromerpujy notepad Ha 1 x 10°

henuja mo y30pKy n HHKyOHpaH ca oAroapajyhuM MOHOKIOHCKHM aHTHMHIIJHM aHTHTEIAMA.

3.6.1. Anaaum3a mnomyJlanuMja MOHOHYKJeapHuX heauja mnpoTOUYHOM
HUTOMETPHjOM

[IpoTOYHOM IIUTOMETPHJOM YCTAaHOBJHCH j€ TMPOICHTYaJHW YACO M YKymaH Opoj cBake
HomnyJanyje MMyHCKHX henrja Ba)KHUX y MATOr€HEe3U €KCIEPUMEHTAIHOT MOJIeNa KOJIUTUCA U
to: CD8+ T numdouuta, CD4+ T mumdonura, CD4+CD25+ perynaropuux T numdonura,
CD3+NK1.1+ NKT hemuja; NKI1.1+CD3-NK henuja; CDIllc+ nenapurckux henuja,
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CDI1l1c+I-A+ nenpputckux henmja koje excpumupajy MHC (Major histocompatibility
complex) monexyn II xmace, CD11¢c+CD80+CD86+ nenapurckux henmuja Koje eKCIIPUMHPA]y
koctumyaaTopue mojiekyie, CD11¢c+CD11b+ no3utuBanx nadnamaryjckux u CD11c+CD8+
perynanujckux DCs; CD45+F4/80+ makpodara) (Tabena 6).

[Ipotouna murtomerpuja je palhjena Ha henmjama HemocpeAHO HAKOH wH3onanuje. Hakon
M30J10Bama, henmje cy npedpojane u trypan-blue onpehena je mUXoBa BUjaOMIIHOCT. 3a Jajby

aHaIM3y KopuIIheHH ¢y caMo Y30pIH y Kojuma je BujabuiaHocT henuja Ouma seha o 90%.
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IoBpuIMHCKO 00e1eKABAHE

CnenuduyHoct

AaHTHUTeIa

OobenexnBay

Kion

H3oTnm

IIponssohau

CAT unau REF

CDh4

APC

GK1.5

Rat LEW, IgG2b,

K

BD

Biosciences

552051

CD8

PerCP

53-6.7

Rat LOU,
LOU/C, LOUM
IgG2a, k

BD

Biosciences

561092

CD3

PE

145-2C11

Armenian

Hamster IgG1, x

BD

Biosciences

552774

CD80

FITC

L307.4

Mouse C3H,
C3H/He, C3H/Bi
IgG1, k

BD

Biosciences

563084

CD86

APC

2331

Mouse BALB/c
IgGl1, x

BD

Biosciences

560956

CD25

FITC

7D4

Rat LEW, IgM, k

BD

Biosciences

553071

F4/80

PE

6F12

Rat IgG2a,

BD

Biosciences

563900

CD45

FITC

104

Mouse SJL
IgG2a,

BD

Biosciences

553772

CD11b

APC

ICRF44

Mouse IgG1, k

BD

Biosciences

561015

CDl11¢

PE

HL3

Armenian

Hamster IgG1, A2

BD

Biosciences

557401

CD40

PerCP

MR1

Armenian

Hamster IgG3,

BD

Biosciences

553658

Hurpahenunjcko odoJiexkaBame

CnenuduyHoct
ObenexnBay Kaon H3oTuin IIponssohau CAT uau REF
aHTHTEJIa
BD
1L-10 PerCP JES5-16E3 Rat IgG2b 564081
Biosciences
BD
IFN-y PE XMG1.2 Rat IgG1, k 561040
Biosciences
Rat LEW, IgGl1, BD
1L-17 APC TC11-18H10 555068
K Biosciences
BD
IL-4 PE 11B11 Rat IgG1 562044
Biosciences
BD
1L-12 FITC C15.6 Rat IgG1 560564
Biosciences
Mouse BALB/c BD
IL-1p PE AS10 557539
IgG1, k Biosciences
BD
FoxP3 FITC MF23 Rat IgG2b 560407
Biosciences

Taobena 6. Monoxknoncka anmumena
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3.6.2. ObenexxaBame MeMOPAaHCKMX MapKepa

benesn ¢ynkmponanHor Qenoruna WHOUITPUIIYHX 3amajbeHCKUX henuja moOujeHMx w3
KoJloHa onpehuBaHM cy y3 MoMoOh AHTH-MUIIMJUX MOHOKJIOHCKMX AaHTHUTENAa KEJbEHUX
cnenupuanocty. [lo 1x10° henuja M30M0BaHMX M3 KOJOHA MUIIEBA j€ PECYCHEHIOBAHO Y
nydepy 3a Oojeme (enrn. Staining Buffer; BD). Ilotom cy uM gomaBaHa MOHOKJIOHCKa
anTHTeNa (OOeliekeHa pasTUIUTUM (DIYOPECIEHTHUM OojaMa crieruuvHa 3a MeMOpaHCKe
Ocnere paznmuuuTux henwja. YmorpebspaBaHe Cy KOHIGHTpAIlMje aHTHTENa IIpeHMa
yobuuajeHuM npotokosnma. [locne nHkyOauuje y TaMu U Tpajamy of monaa cara Ha +4°C,
henuje cy npane uenrpudyroamem Ha 250g y mydepy 3a 6ojeme, Takohe Ha +4°C. Hakon
tora, hemuje cy nerrpudyrupane 5 Mmunyta Ha. Tamory hemmja je moHOBO nomaBaH mydep
(207). Onmax motoMm je pahena mporouna tmuromeTpuja Ha amapary FACSCalibur (BD)
MepemeM Hajmame 10.000 mpoMeHa y cBakoM y30pKy. JloOujeHe BpEAHOCTH Cy aHAJIM30BaHE

y3 nomoh codrBepckux anara: CELLQUEST (BD) u Flowing Software 2.5.1.

3.6.3. Mepeme MHTpaLeyJJapHUX IUTOKNHA

3a oBy cBpxy ymorpebsbeH je moctymak BD Cytofix/CytopermTM mpema CTaHIapIHOM
MIPOTOKOY | TO TaKo MITO ¢y henuje Tpetupane Gpopodos mupucrat aneratoM (eHrit. Phorbol 12-
Myristate 13-Acetate, PMA, Sigma) w joHomunmHoM (eHra. lonomycin, Sigma), KOju
aktuBauiny nporenH kunaszy C (enrn. Protein Kinase C, PKC) u nokperauyn ynacka Ca™" y
henuje mTo nmokpehe cMHTE3y HMTOKMHCKUX MOJIEKysa y henujama Koje ¢y MpeTxogHo Ouie
aKTHUBHCaHE IpyruM ctumyiycuma (208). Y3opuu cy naKyOupanu 4-6 caTu IITO je JOBOJbAH
Mepuoa 3a WHAYKIHW]y IMTOKWHA, a Jyka WHKyOamuja henuja y akTUBaToOpy H3a3uBa
LUTOMATOTeHU e(eKar.

Kako Ou mnoOosbmianu JOeTeKIHjy LIUTOKMHNponyKyjyhux henuja, kopuctwim cmo BD
GolgyStopTM w BD GolgyPlugTM tnpemMa HaBeICHOM IMPOTOKONY. YTOTPeOLEHU Cy HU
MOHEHCHH 1 OpedenauH A, Koju CIyTaBajy TpaHCIIOPT MPOTEeUHA YHyTap henuja mro pe3ynryje
HaKyIJbamkeM IIUTOKMHCKUX MOJIEKYJa, U Tako je moBehaHa MOryhHOCT 3a JeTeKIje IUTOKUH
npoaykyjyhux. 300r UTOTOKCUYHOCTH MPUMEHCHUX areHaca BpeMe HHXOBOT JIeJIOBamba je
onpeheno nmpema ynmyrcBumMa mpousBohaya.

Ha henmmnjama cy mpBo oOenexxeHrn MeMOpaHCKH MapKepH MpeMa HaBeJEeHO] MPOIEaypH, U TO

npe QuKcaiyje, jep c€ OBU MapKepH MOTY OIINTUTH (UKCTUBMMA U TepMeadMIM3aToOpHMa.
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[locne Tora henuje cy mHKyOuMpaHe y NPHUCYCTBY MOHOKJIOHCKHX AHTHUTENA, OOCJIEHKEHUX
pasnmmuuTuM (IyopeceHTHIM 0ojaMa, ycMepeHuX Ha MmeMmOpaHcke Oenere. [locie ncnmpama
y nydepy nenrpudyroBamem Ha 250g, moOHjeHOM TaJoTy je mpe MHKyOaruje (IBamecer
MUHYTa Ha TemIeparypu jena) nonasan Cytofix/CytoPermTM (BD Pharmingen). Benuje cy
notoM nipane y Perm/WashTM nypepy (BD Pharmingen) u nentpudyrosane Ha 250g. Tanory
Cy MOTOM JI0JlaBaHa MOHOKJIOHCKA aHTHTeJa 3a yHyTaphemujcko obenekaBame IIUTOKWHA, a
3aTHM j€ cleawia nHKyOarrja (Tojia cata Ha TemrepaTypu Jyena). [lorom je tamory momaBaH
nypep 3a mnpawe henuja (Perm/WashTM). Ha3uBu u KapakTepHCTyKe KOpHIIhEHUX
MOHOKJIOHCKHX aHTUTeNa Ka0 U BHUXO0BA CIIEUU(PUIHOCT NMpeMa IUTOKHHIMA TPUKa3aHa cy y
Tabenu 6.

[Tocne nukyOanuje henuje cy MOHOBO MpaHEe HAa UCTH HauWH y mydepy 3a 0ojeme u henmjcka
CyCIIeH3Hja aHAIM30BaHa MpoToyHOM IuToMeTpujoM. [Ipaheno je Hajmame 10.000 norahaja mo
y30pKy. JloOujene Bpeanoctu cy obpahuBane codprsepuma FACSCalibur (BD Biosciences) u
Flowing Software 2.5.1.

3.7. Mepeme INTOKHHA M KHHYPEHUHA Yy CEPYMMMA eKCIIePUMEHTATHUX

JAKUBOTHUHA

Komepuujanaum ELISA xuToBUMa U3MepeHe ¢y cepyMcke koHuenrpanuje 1L-12, IL-1p u IL-
10 mumesa koju cy npumanu DSS kao u koHTposnHuM MumeBuma. CepyMcKe KOHIEHTpaluje

KUHYpEHHHA MEpUIH ¢MO (oTocriekTomeTprjoM (202).

3.8. M3onanuja nenapurckux henuja mumena coja C5S7BL/6 u BALBc¢

N3 cnesunna mumeBa coja C57BL/6 u BALBc u3onoBana je henmjcka cycreH3uja U3 Koje je
noOujeHa YyucTa momyJjamnuja ACHIPUTCKUX henuja. YCUTHEHA U XOMOTCHH30BaHa CIIC3UHA e
MMPOTHCKMBaHa Kpo3 henwjcke ctpejuepe (eHri. cell strainer, BD Pharmingen, USA) a oBako
npocejanuM henujama qoaaBaH MeIUjyM U CBe 3ajeHO ieHTpudyroano Ha 250g. Epurpouutu
CY OJCTpam-CHHU J0JaBAEM PACTBOPA 3a JIM3UPAKE KOjH je OMO y KOHTAKTY ca TaJoroM IeT
MUHYTa HaKOH Yera je EeroBo JI¢jCTBO MPEKUHYTO MEINjyMOM H EHTpU(yroBaHo. hemnmjcku
TaJOX j€ CYCIEHJIOBaH y MEANjyMY, a OBaKO OOMjeHE CYCIIEH3H]e CIICHOIMTA Cy OUJie U3BOP
3a u3[Bajame NeHApUTCKuX henmja momohy konona. Hakon mpeOpojaBama, henmje cy

ueHrpudyrosane Ha 200g. JloOujeHu Tamor je cycreHaoBaH IygepoM Impema OIIITe
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npuxBaheHOM MPOTOKOIY M JI0JJaBaHO Cy MarHeTHe Kyriuue (eHra. MicroBeads) obenexene
nomohy antu CD11c moHOKITOHCKUM aHTHTEenUMa. CyClieH3Hja jeé eHEPrUIHO IPOMENIaHa 1
MMOTOM MHKYyOHMpaHa 15 munyTa y pacxmahuBauy. [locne HapeyeHe nnakyOaruje henmje onpane
uentpudyropamem y mydepy Ha 200g. Tanor je moHOBO cycnieHa0BaH y mydepa u henuje cy
TaKoo OHJIe CIpeMHE 32 MAarHEeTHY cenapalyjy mo3uTHBHOM cenekurjom Ha MACS cenaparopy
(enrn. Magnetic cell sorting; Miltenyi Biotec, Hemauka) ka0 MTO je OMUCAHO W OIIITE

npuxsaheno (202).

3.8.1. Anasqusa deHoTnna u yJjore JeHApuTcKux heauja

Haxkon uzonanuje, nenapurcke henuje cy ctumynucane junomnonaucaxapuaoM (LPS, 10 ng/ml),

48 yacoBa HaKOH Yera Cy aHaJIM3upaHe MPOTOYHOM nuromerpujom (209).

3.9. lennienuja u a1oNTUBHH TpaHcdep aeHapuTckux heaunja y mumese

TpeTupane DSS-oM KojuMa cy NpeTxoaHO AensieTupane Aenapurcke heauje

Hennputcke hemuje npesa (CD103+ DCs) npoaykyjy IDO, unme moacTudy eKcraH3ujy KOJIOH
napuntpumyhex Treg henuja (210). Ynorpebowm canopuna (Advanced Targeting Systems, San
Diego, CA, USA) (211) cenextuBHO cMo AeruieTupaiu neuapurcke hemmje BALB/c mumesuma
koju cy npumaiu DSS. C o63upom aa canoput cMmamyje ykynad Opoj JeHapuTckux henuja 'y
BPEMEHCKOM TEpPHOAY O Helesby JaHa, MHIIEBUMa je arumkoBaHo 2mg/kg mertor naHa
EKCIIEpUMEHTA T1a Cy JIBAHASCTOT JaHa CKCIIEPUMEHTA IMOCMAaTPaHe KIMHUYKE U XUCTOJIOIIKE
MaHH(ecTaIMje HaKOH JeTUIeIije oBuX henwja.

Jennpurckum henmjama koje Cy MpeTXoIHO U30JI0BaHe U3 cie3nHa 3apaBux BALB/c mumesa,
aktuBHOCT IDO-a je muxuOupana ymotped6om 1 merun Tpuntodana. CanopuH Koju je
KopuitheH 3a Jeruiennjy IeHIPUTCKUX henrja ce eMMMHUHUINE W3 OpraHW3Ma HAaKOH 3 J1aHa.
AnontuBHMM ~ TpaHcdepoM  MHIIEBHMA  je, IETOr  EKCIIEPUMEHTAJHOT  JIaHa,
UHTpanepuToHeanHo amaumkoBaHo 2x10° DCs  jemmokpatHo (212). 3aBucHo oA
eKCIIEpUMEHTAIIHE TPYyIe, KUBOTH-AMa Cy yOpH3raBaHe HOpPMajJHE ACHApPHUTCKE henwje mim

nenapurcke henuje ca naxubupanom aktusHoithy IDO-a.
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Kako 6u cmo ycranoBwin ytunaj MSCs na DCs, n3 mumesa coja C57BL/6 u3onoBamu cmo
DCs no mperxogHo ommcaHoM mnpoTokony. HakoH wu3omammje amenapurcke hemmje cmo

kokynTuBucanu ca MSCs.

3.10. dennennja Treg numpounrta u agonTUBHA TPacdep AeHAPUTCKUX
hesuja mumeBuma Ha DSS-u KojuMa cy NpeTxoaHO JenjieTupaHe

nenapurcke heauje

NuTpaneuroneannom amnukanujom mukinodochamuna (CY, Galenika A.D., Belgrade, Serbia)
y mo3u on 10 mg/kg wnm ammmkamujom antu-CD25 anturena (PC61 mAb, Sigma-Aldrich,
Munich, Germany) y no3u on 250 mg/kg, 3 nana HakoH naBama DSS-a neruretupanu cmo Treg
mambporutu (213, 214). ApontuBHuUM TpachepoM HHTPANEPUTOHEATHO CYy AaIUTMKOBaHE

nengpurcke hennje (2 x 10°) BALB/c MuieBrMma neror aaHa ekcrepumentTa (212).
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4. PE3YJITATH

4.1. KoHuenTpauuja KUHyperHa y cepyMy OJpakaBa pa3jinKe KINHUYKNX
U XHCTOJIOIIHUX CKOpoBa u3dMel)y mumesa coja C57BL/6 u BALB/c
perucTpoBaHe TOKOM Pa3Boja U pereHepanuje Koauruca uzaspanor DSS-

oM

Jlo meror naHa HaKOH WHMIMjaidHe arumkanuje DSS-a Hucy yodeHe 3HauajHe pasiiuKe y
ucrnospaBamy Oonectu u3mely mumesa coja C57BL/6 u BALB/c. Ilpumehene cy cmy3ase
CTONUIE ¥ 00a coja JKUBOTHIbA Ca CIIOPAJINIHOM TI0jaBOM KPBHU Y TpParoBUMa y MUIIIEBA cOja
C57BL/6. Huje mocTojasia CTaTUCTUYKK 3HA4YajHA pa3jiuKa HU y TyOUT]y TelIeCHE TEKUHE HUA Y
KIMHUYKOM cKopy u3mely excrepumenrtannux rpymna (I'paduxon 1a,6). Hakon meror mana
pasiuke y ucnosbaBamy 6onectu usmel)y C57BL/6 u BALB/c muiieBa cy Ouie cBe nu3paxeHuje
U JIBAHAECTOr JaHA pas3lidKa y TYOMTKY TeJIeCHE TEeKHMHE M KIMHHYKOM CKOpy je Omia
craructruky 3Ha4yajHa (['paduxon 2a,0). Kox xxuBotuma coja C57BL/6 cy youene oOuiHe
KpBaBe CTOJIMIIC, UPUTAIIMja PEKTyMa Kao OIIIITE JIOIIHje CTamke HaCIpaM MHIIIEBa IPYTOT coja
KOJI KOjUX C€ HAaKOH MCKJbyurnBama DSS-a kinHuUKa ciika mo0oJplnana, Iie ¢y youeHe CKOpo
na HopMmaiHe croiune. KnuHu4uku ckop je Ouo craTHCTHUKH 3HauyajHO Behum kox DSS-om
Tpetupanux muinesa coja C57BL/6. 3nauajuo Behu ryOuTak TenecHe Mace je JETeKTOBaH KO

DSS-om tpetupanux mumeBa coja C57BL/6 nactipam mumeBa BALBc coja (I'padukon 2a,0).

47



C0C57BL/6 koHTpona

= 12 - mC57BL/6DSS
§ 10 - O BALBc KoHTpona
S
g4 8 - O BALBcDSS
o
£ e
g
P
B 4
T
2 5l
0 =
i 5. naH
I'pachuxon 1a
[0 C57BL/6 konuTpona
4,5 - @ C57BL/6DSS
4
= O BALBc koHTpona
<35 - P
- (N O BALBcDSS
]
£ 25
Ny
15
= 1 4
2
0,5 -
o ] —
5. paH
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I'paguron 1. Knunuuku (DAI) cxop. [lemoe dana 00 undyxyuje DSS xorumuca y muwesuma oba coja nucy

youeHe 3HauajHe pasnuke y 2youmky menecne mace (a) u DAI (eurn. Disease Activity Index) knunuuxom ckopy (6).
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I'pagpuxon 26

I'pagpuxon 2. Knunuuxu (DAI) ckop. Haxon 12. oana excnepumenma muuiesu coja BALBc cy pazsunu naxuiu
06Uk 6oecmu Koju ce 00IUKOBAO ZHAUATHO MATLUM 2YOUMKOM MelleCHe MAce KAO U 3HAMHO HUNCUM KIHUYKUM

CKOpOM

YoueHe pa3nuke y KIMHUYKO) CIUIM OOJIECTH Cy MOTBplEHE MAaTOJIOMKUM U XHUCTOJOMIKHM
Hanazuma. Konutuce y Jbyau ce ojnkyje ckpahemem KojioHa. Mojien KOoJIuTHca KOju CMO
omabpanu nopea henujcKkux MeXxaHu3aMa HaJuKyje JbyJCKOM M Y OBOM acIIeKTy Ia je mpaheme
IyXHUHA KOJIOHa HeonmxoaHo. HakoH 12-maHa ekcrepuMeHTa M30JI0BaHW KOJIOHW MHIIICBA
C57BL/6 cy 6unu 3HauajHO Kpahu y oqHOCy Ha )kuBoTuE coja BALBc (I'padukon 3).

[TaToXMCTONOMIKOM aHAWM30M KOJIOHA MUIIEBA IOCMATPaHO je: cBeoyOyxBaTHO omteheme

CTPYKTypa Kao U uH(uITpaIyja TKuBa KOJoHa UIMyHCKUM henrjama kog DSS-om Tpetupanux
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MUIIIEBA KAa0 W HETPETUPAHUX KHUBOTHHA. Ha Xwucronmomkum mnpenaparuma DSS-om
Tpetupannx BALBc mumieBa je youeHo 3HauajHO Mame omTeheme TKHBa KojloHa y3 henmujcku
MHPWITPAT KOjU je Mamke IeNTylapaH U yriaBHO orpaHudeH. Ha mocmaTpanum mpenapaTtuma
MHUIIeBa JIPYror coja jaCcHO ce youaBa JAECTPYKIIMja KpUINTH, €po3Hja emuTena mnpaheHa
UCTalkEHEM JIAMHUHE TpOIpHje MOK je henuwjcku umHQuUATpaT audys3aH, u3paxkeH a hemuje

MpOXKUMajy cBe ciojeBe 3uja kosioHa (I'padukon 4, Cnuka 2).
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I'pagukon 3

T'pagpuxon 3. lyacuna xonona. Konon je buo cmamocmuuru snavajuo kpahu koo DSS-om mpemupanux C57BL/6
Muwesa.
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I'pagpukon 4

I'pagpuxon 4. Xucmonowrku ckop. Cmamucmuyxku 3Ha4ajHo eehu Xucmoiowiku ckop youeH je ko0 DSS-om

mpemupanux muwesa coja C57BL/6 nacnpam BALBc muwesa
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Cnuka 2

Cnuxa 2. Penpezenmamuenu npenapamu mixuea oOebdenoz upesa nocie npumene DSS-a. Koo DSS-om
mpemupanux muuwiesa coja C57BL/6 owmeherwa enumennux henuja ypesa cy buna oncedcHuja, MacoeHa
unghunmpayuja umynckux henuja je 6uia npucymna 0ok K00 mMuuiesa opyzoe coja nopeo 0epaHuieroe heaujckoe

ungurimpama nHucy youena eeha owmeherwa cmpykmypa (yeeharwe 40, 100%)

PaznmuuTn crenen nH(pnamanuje/mHpunTpanuje kao u nparehe omreheme Ciry3HUIE HpeBa
BepHU(HUKOBAHN Cy OCHM PETHCTPOBAa XUCTOJOUIKMX IPOMEHA U MEPEHEM KOHIICHTpAIH]ja
KUHypeHHHa, cynpecuBHor IL-10 u nundnamanujuckux IL-12 u IL-1B y cepymy.

VY enmreny myko3se nedenor mpesa muiieBa coja C57BL/6 3amaxa ce cMameH 0poj mexapacTux
henmija, 30prcane KpUIITE IIITO HABOAM Ha 3aKJbYYaK JIa j€ eIMHUTEN TeIIKO omTeheH, a Ha HEKUM
MeCTUMa M TOTIYHO JIECTpyHpaH. Y JaMHHH TPONPHjH MYKO3€ Kao U y €IAEeMaTO3HO]
CcyOMyKo3u 3amaxkajy ce JIEYyKOUMTHM HH(DUATpATH HU3PAKEHU HAPOUYUTO Yy TUCTATHUM
naprtujama konoHa (Cnuka 2).

Kon mwmmeBa coja BALB/c je xucrornomika ciavka JApyraddja: apXUTEKTOHUKA EMUTelIa
CIy3HHMIIE je TOTOBO HEHApylleHa, a y JAMHHHU IPONPHUjH Ce 3amaxa, Ty M TaMmo, Camo
MUHHMMaJIHa nHGUITpLKja teykonutuma (Cruka 2).

3nayajHo Beha KOHIEHTpalMja KMHYpeHHHA Hu3MepeHa je y cepymy DSS-om Tperupanux

BALBc mumesa Hactipam C57BL/6 xuBotuma koje cy npumaie DSS (I'padukon 5).
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I'pagpukon 5

I'paguron 5. Cepymcke Konyenmpayuje KunypeHuna. Qomocnekmomempujuckum meperoem KuHypeHuna y

cepymy muutesa oba coja 3nammuo eeha konyenmpayuja je usmepena y cepymy BALBc muwesa

VY cepymy BALBc mumieBa xoju cy npumasim DSS u3mepena je 3natHo Beha KoHIIEHTpaIyja
umyHocynpecuBHoT 1L-10 (I'padukon 6a), a koHeHTpalyje nHdramaiyjckux nurokuna (IL-
12, IL-1B) 3HauajHo Mame y mopehemy ca xuBoTumbama apyror coja (I'paduxon 66). Kox
mutmieBa coja C57BL/6 xoju cy mpumanu DSS ce youaBa cynporan (h)eHOMEH: 3HaYajHO Mambe
konnentpanuje IL-10 u Behe cepymcke konnentpanuje [L-12 u IL-1p (I'paduxon 6 a, 0).

Hakon mepema kunypenuna (I'padukon 5) u uutokuna (IL-10, IL-12 u IL-1P) youaBa ce TpeHx
rne ce kog DSS-om tpetupanux xuBoTHma coja BALBc npumehyje 1a pact KoHLeHTpaIuje
KHHYpEeHHHA TipaT pacT KoHIeHTpaiyje IL-10 (I'padukon 6a) 1ok cy cepyMcKe KOHIETpaIje

IL-12 u IL-1p 3na4ajao mamwe (I'padukon 60).
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I'pagukon 6a. Cepymcke xonuyenmpauuje IL-10. YV cepymuma BALBc muwesa mpemupanux DSS-om cy
peaucmposare 3nauajro eehe konyenmpayuje IL-10 y cepymy Hacnpam dcusomurea opyzoe coja Koju je npumao

DSS.
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T'pagpuron 66. Cepymcke konuenmpauuje IL-10 IL-1f u IL-12. Behe xonyenmpayuje ¢y npoun@iamayujckux

yumorxuna usmepene y cepymuma C57BL/6 muwesa nacnpam BALBc muwesa xoju cy npumanu DSS.
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4.2. AkruBupane nenapurcke heauje BALBce mumeBa umajy sehu
kananureT ekcrpecuje IDO-a 1 npoayKyjy HMYHOCYNIpECMBHU KUHYPECHUH,

IL-10 nacnipam akTuBHpaHux AeHApuTcKuX heanja C57BL/6 mumesa

VY Hamepu na ce yTBpe heiaujcKu U MOJIEKYJICKA MEXaHU3MHU OATOBOPHHU 32 COJHE PasIHKe y
onrosopy Ha DSS, mpBo cy ananmsupane pasnuke y GeHOTHUINY u QYHKIHjH JACHIPUTCKUX
hemmja mamehy C57BL/6 u BALB/c mumesa. 300r unmeHHIIE 1a Cy AeHAPUTCKE henuje jenan
ol rnaBHUX u3Bopa IDO-a y nurectuBHOM Tpakta (141) Hajupe je in vitro uciuTUBaH edexar
npumMene aunononucaxapuna (LPS) na ¢enorun DCs uzonoBanux u3 ciesune C57BL/6 u
BALB/c xwuBoTMma 2 mana HakoH arumkanuje DSS-a. 3HagajHo Behe koHIeHTpanuje
KHHYpEHUHA U3MepeHe cy y cynepHartantuma LPS-om peaktuBupanux nenaputckux hemmja

BALBc mumena ykasyjyhu Ha Behy aktuBHoct IDO-a (I'paduxon 7).
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I'pagpukon 7

I'pagukon 7. Kanayumem npodykuyuje IDO-a. Meperwem KoHyeHmpayuja KuHypeHUHa y CYNePHAMAHmuma
yemanosswero je da cy DCs BALBc muuiesa ¢y 3Hammo suiie npooyKosaie UMyHOCYRPeCUsHU KUHYPEHUH HACHPam

DCs C57BL/6
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VY3 TO MPOTOYHOM ITUTOMETPH)OM j€ YCTAaHOBJHEHO JIa j€ CTATUCTUYKHU CUTHU(UKaHTHO Behu %
toneporeHnx DCs koje excnpumupajy uMyHocynpecuBHU IL-10, ¥ CTaTUCTHUKH MambH
MPOIICHAT aKTUBUPaHUX MH(]IaManujcKux neHapuTckux henmja (koje ekcnpummupajy CD40 u
npoaykyjy IL-12) 6uo npucyran y nomynanuju LPS-om peakTuBupanux AeHIpUTCKUX hemuja
BALBc mumesa y nopehemy ca neanpurckum henujama C57BL/6 mumesa,(I'padukon 8).
DCs coja C57BL/6 cy y 3HanTHO BeheM MpoIeHTy Onie moiapu30BaHe y MpouHQIaMalijcKe
henwmje xoje mpoaykyjy IL-12 (I'paduxon 8). OBo HaBOAM HA 3aKJby4akK Ja ACHApPUTCKE hemuje
OBa JIBa coja MuILeBa oarosapajy Ha Hecnieuuguune (LPS) u cneunduune (DSS) ctumynyce
pPa3IUYHUTOM TIOJIApHU3AIIHjoM, 1A Tako JoK hemuje coja BALBc nmponykyjy uMyHOCYIIpeCHBHE
Menujatope notie ucroBpcHe hemuje C57BL/6 Ha WCTOBETHY CTHMYJANH]y OIroBapajy

MPOYKIINjOM UMYHOTIOTeHITUpajyhux dakropa.

CC57BL/6 DCs
60 - @ [ C57BL/6 DCs + DSS + LPS
- E—I_l [ BALBc DCs
35| T |L| [ BALBc DCs + DSS +LPS
¥ 30 {_
20 - *
— :
10 -
Ada 1l
CD40 IL-12 IL-10

I'pagukon 8

I'pagpuxon 8. Paznuxka y gpenomuny u pyuxyuju LPS-om peaxmusupanux DCs muwesa coja C57BL/6 u
BALBc. Axkmusupane DCs BALBc muwiesa npooykyjy 3uauajro suuie umyrocynpecugnoe IL-10, a mau npoyernam

osux hienuja je npooykosao IL-12 u excnpumupao CD40 nacnpam cmumynucanux DCs C57BL/6 muwesa.

VY ex vivo eKcliepuMEHTHMa UCIHTaHA je TMPOAYKIHja IIUTOKUHA y ICHAPUTCKUM henmujama
T0OHMjeHUM M3 JIAMHHE MPOTIPHje KOJIOHA 000JIeTMX MHUIIIeBa 00a coja U T0OMjeHU pe3yJITaTh
KOpeJMpaHu Ccy ca pesyiaTatuMa aoOujeHuM in vitro. CTaTucTMYKU 3HadyajHo Behu Opoj
TOJIEPOTEHUX JeHApPUTCKUX henuja koje mpoaykyjy IL-10 m cratuctuuku Mamu Opoj
nHpmamaryjckux DCs mo3utuBHuX Ha [L-12 u IL-1 npucyTHUX y JTaMUHU TPOTIPHjH KOJIOHA

DSS-om tpetrpannx BALBc mumesa y mopehemwy ca C57BL/6 mumeBuma, 11To je moTBPIUIO
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COjHE pasnuke y (PEHOTUNY aKTHUBUPAHUX ACHIPUTCKUX henwja 3a0elexeHuM in Vitro

(I'padukon 9).
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I'pagpukon 9

I'pagpuxon 9. Paznuxe y opojy monepozenux u npoundramayujckux oenopumckux henuja y namunu nponpuju

DSS-om mpemupanux muwesa coja BALBc u C57BL/6
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4.3. lenapurcke heauje BALBc mumeBa mHayKyjy ekcnansujy Treg
JumonnTa Koje cynpumMupajy uadaamanujy u yopsaspajy pereHepauujy

DSS-om omrrehene ciy3Huue npesa

Hakon mro je moka3aH MMYHOCYNpPECHBHM (EHOTHN ICHIPUTCKUX henmuja NoOHjeHHX u3
JamMuHe ponpuje odonennx BALBc MuiieBa HCUTaH je MEXaHU3aM OBE CYNPECH]je, TAaKO IMITO
Jj€ IpBO MPOTOYHOM LIUTOMETPUJOM AaHAJIM3MPAHA MPOLIEHTYaIHa U HyMEpHUUKa 3aCTyIJbEOCT
edpexTopckux cybomynanuja CD+ T numdponura y nHbmiITpatumMa ciy3HULE LpeBa 000Ienux
MHUIIIEBA, a 3aTHM je aKTUBHUM TpaHCHEepoM ACHIPUTCKUX henuje u3 cie3nHa 3paBuxX MHIIEBa
coja BALB/c y mumeBe UCTOT coja KOjuMa Cy NMPETXOJHO JeruieTupanu Treg mumdormru
WCIIUTAHO J1a JIU JICHJIpUTCKE henrje cBoje MMYyHOCYIIPpECUBHE e(DeKTe MCTI0JhaBajy TUPEKTHO

WM UHAUPEKTHO, Ipeko Treg aumdorura.

4.3.1. Y unduarparuma ciay3Hule KojoHa oOoseaux BALBc muineBa
npucyTaH je 3Hayajuo Behu opoj Treg mmmdponura Hero y unpuarparuma
ob6osietux C57BL/6 muieBa

Ca mwbeM uciuTUBama pa3nuka y kamamuretry BALBc u C57BL/6 nennputckux henmja 3a
nonapuzanujy T hennjckor UMyHCKOT OJIrOBOpa, MPOTOYHOM ITMTOMETPH]OM j€ aHaTU3MpaHa
nporeHtyanHa 3actymbeHoct u O6poj Thl, Th2 u Thl7 CD4+T numdouuta koju cy
MHOWITPUCAIN JIAMUHY MIPOIIPU]Y LIpeBa 000X MHUILIEBA. Y JAMUHU MIPONPUJU TPETUPAHUX
BALB/c mumieBa 6uo je ctaructiuku 3Ha4ajHO Mawu 0poj Thl (CD4+ IFN-y+) u Th17 (CD4+
IL-17+) numdormura, Behu 6poj 6poj CD4+ IL-10+ henuja mox Huje 6o paznuke y Opojy

CD4+ IL-4+ numdounta usmely excnepumentanuux rpyna (I'pagukon 10).
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I'pagpuxon 10a

I'pagpuxon 106

I'pagpuxon 106
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I'pagpuxon 100

I'pagukon 10 (a-0). Ilpucycmeo egpexmopckux CD4+T numgpoyuma y namunu nponpuju upeea DSS-om
mpemupanux C57BL6 u BALBc muuiesa

Taxohe je y cmy3nurm pesa obonenux muimieBa coja BALB/c nerexkroBan 3HaTHO Behu O6poj
Treg (CD4+CD45+FoxP3+) numdouura Hacmpam TpeTupanux wmuieBa coja C57BL/6
(I'pacdukon 11).
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I'pazukon 11

I'pagpuxon 11. Ilpucycmeo Treg numbouuta y ramunu nponpuju upesa DSS-om mpemupanux C57BIl6 u

BALBc muwesa

4.3.2. lengpurcke heauje npomoBuiny exkcnan3ujy Treg heamuja u mogmxy
CePYMCKY KOHIEHTPAIHjy HMMYHOCYNPECHBHOI KHHYPEHHHA KOjH HIPAa
KJbYYHY YJIOTY y pereHepanmju cJIy3HuIle npesa kol mumena coja BALB/cy
moaeay DSS koantuca

Ja 6m ce umcrnmrama ymora mMmyHocynpecuBHuX DCs 3a ekcmansujy Treg nmmdonura,
JIeHApUTCKe henrje, n30JI0BaHe U3 Cle3nHa 3apaBuxX muileBa coja BALB/c cy npenecene y
DSS-oM TpeTnpaHe MuIleBe UCTOI €oOja, NETOT JaHa HAKOH MHMLHMjanHe arukanuje DSS-a.
[IperxoaHo cy oBuM MuIieBuMa, armukamnujom Cyclofosfamid-a (10mg/kg) nim antu CD25
antutena (250 mg) nermerupanu Treg mumdonmtu 3 nana npe anmuHHcTpanuje DSS-a.

OncrpamuBame Treg nuMdonura je 3a nocieanily UIMaio ApaMaTU4HO MOTOpIIake KOJIUTHCA
y 00a coja muieBa. HakoH untpaneputoneansor npuMamwa Cyclofosfamid-a wnm antu CD25
antutena y muimese BALBc coja Oonect ce moropmiaja ImTO €€ OYUTOBAJIO H3PAKECHUM
KpBaBUM CTOJIMIIaMa, 3Ha4ajaHNM I'yOUTKOM KOH3MHTEHIIH]j€ (peKalTHe Mace JJOK je XUCTOJOMIKA
aHajM3a IoKa3aja 3HayajHa omrehema emmrena, 30pucaHe Kpurre, TyOWTaK TMeXapacTUX
henuja ka0 1 MacOBHO MPHUCYCTBO JIUM(OLUTA Yy JAMUHU NPOIpHUjU 00osenux 1pesa (Cnuka 3,
I'paduxon 12a,6). Y cepymy ce Oenexu noehame konmnentpauuja IL-12 y3 uctroBpemeHo

cMmameme KorneHTpanuja IL-10, kao u kunypenuna (I'paduxon 13a,0,B).
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Cnuka 3

Cnuxka 3. Penpezenmamugnu uceuyu mxuea konouna. Ha npenapamuma BALBc muwesa naxon denneyuje Treg
aumpoyuma youasajy ce 3uauajua owmehersa enumena, sopucarme Kpunme, 2youmax nexapacmux heauja xao u
uspasicenu henujucjku unguimpamu (8,2). Haxon anauxosara DCs adonmueHum mparcgepom youaea ce

SHAUAJHO NOOOBUIAREE 20€ je apXUMEKMOHUKA 20080 04Y8AHA a heaujcKu unguimpamu MuHumantu (0,5).
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I'pagukon 126

TI'paguron 12. Knunuuku (a) u xucmonowku ckop (6) DSS-om mpemupanux BALB/c muwesa kojuma cy

odennemupanu Treg numgoyumu u mpancegeposane oenopumcke henuje.
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I'pagukon 13. Konyenmpayuja IL-12 (a), IL-10(6) u kunypenuna(e) y cepymy DSS-om mpemupanux BALB/c

Muuieea Kojuma cy oennemupanu Treg numpoyumu u mpancgheposane oendpumcke henuje.

Tpancpep BALB/c nennpurckux henmuja y3pokoBao je 3HauajaH IOpPAcT KHUHYpPEHHHA
(I'padukon 13B) u excmamzmjy Treg numdonurta y JAaMUHH TPOIPHjH OOOJIETHX IpeBa
(I'paduxon 14) mTo je 3a pe3yaTaT UMajo 3Ha4yajHO yOaakaBamke CBUX MEPEHUX CHMITOMA U
3HaKa KOJMTHUCA, TOOOJBbIIAkE Y KOH3UCTEHIIUH CTOJIHIIE, OJICYCTBO PEKTAIHOT KpBapema U
cmambeme KuHudkor (I'padukxon 12a) u xuctonmomkor ckopa (I'padukon 126, Cnuka 2).
OnaxkeHo moOOJBpIIAE KIMHUYKE CIUKE NpaheHo je M CMameHUM KOHIIEHTpAaIlfjama

nHpamanmjckor I1L-12 u mosehamem umynocynpecusHor IL-10 y cepymy (DPurypa 13a, 130).

65



70 - B C57BL/6+DSS
BALBc+DSS

|

@ BALBc+DSS+CY
BALBc+DSS+CY+DCs

on
o
|
*
*

N BALBc+DSS+anti-CD25

}

E BALBc+D55+anti-CD25+DCs

Bpoj heanja x 10°
w B
o o
| |

J

A -

JM

=
o

1
ot

0 i
CD45+CD4+FoxP3
I'paguxon 14

I'pagukon 14. bpoj CD4+FoxP3 henuja uzonoseanux uz namune nponpuje DSS-om mpemupanux BALB/c

Mmuwmesa Kojuma cy oennemupanu Treg numghouyumu u mpancgeposane oenopumcke henuje.

4.4. UuxuOunuja ensumcke aktuBHoctu IDO-a, cmamyje excniansujy Treg
JuM¢onuTa U oHeMoryhasa peresepanmjy cJy3HHMIE LpeBa 000J1e1HX

MHUIIIE€Ba

Kako 6u ce ycranoBmwio na yim naxubunuja IDO-a yTrde Ha mporec pereHepanujy CIIy3HIe
npeBa BALBc mumeBu cy ynopeno ca DSS-om npumanu u 1-MT (2mg/mL), komneTaTuBHA
xemujcku uaxubutop IDO-a (215). Uuxubunuja IDO-a je 3HauajHo moropuiana omTehema
konoHa BALB/c mumieBa M y3pokoBaja MOToOplIiamba CBUX KIWMHUYKMX W XHCTOJIOIIKHUX
napameTapa 0osecTu. XUCTOJIONIKA aHaIM3a NIoKa3aia 3Ha4ajHa omrehema enurena, 30prucate
KpUIITe, TYOWTaK IexapacTuX heilvja Kao W MAacOBHO MPHUCYCTBO JUMGOIUTA y JaMUHU
Iponpuju MuuieBa koju cy nopea DSS-a npumunu u IMT. Kox BALB/c mumeBa Tpetupanux

camo DSS-om je xucTosonika ciimka Jpyraunja: apXUTEeKTOHHKA eIUTENa CIIy3HUIIE je TOTOBO
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HEHapyIIeHa, a Y JIJAMUHH TPOIPHUjU CE 3araxka, Ty U TaMO, CaMO MHHHUMAaJIHA UH()UITPIH]a
neykonutuma (Crnuka 4, I'padukon 15 a,0).

+ 1-MT

__BALBc™
4

Cnuka 4

Cnuxka 4. Penpe3zenmamugnu uceuyu mkKuea KojioHA HAKOH xemujcke O1oxade IDO-a ynompeoom IMT-a

muwmeeuma BALBc
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I'pagukon 156

I'pagpuxon 15. Knunuuku (a) u xucmonowku ckop (6) naxou onoxupawa IDO-a ynompeoom 1MT.

VY cepyMy OBHX JKHBOTHHA Cy M3MepeHe 3HauajHo Behe xonmenTpanuje 1L-12 xao u 3HaTHO
Mamwe koHreHTpanuje 1L-10 (I'padukon 16) a 3abenexeH je W 3Ha4ajHO Mamu Opoj Treg

mumdoruTa Koju mpoaykyjy IL-10 nero y mumeBa tpetupanux camo DSS-om (I'padukon 17).
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I'pagpuxon 16. Cepymcke konyenmpanuje IL-12, IL-1f, IL-10 naxon xemujcke 610xkade IDO-a ynompeoom
IMT.
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I'pagpuxon 17. bpoj FoxP3 henuja xoje npooykyjy IL-10 naxoun npumene 1-MT.
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4.5. lenapurcke heanje akrusHomhy IDO-a uHAYKYjy ekcniaH3ujy
uMyHocynpecuBHux Treg mumdonura mro je oanyuyjyhe 3a perenepauujy

cay3Hune upesa BALB/c mumesa y mozeny koautuca usassanor DSS-om

Jla Ou ce MOTBpAWJIa XMUIIOTE3a JIa je KHHYPEHUH, KOjH je Y ACHIAPUTCKUM henMjama HacTao
eHsuMckoM aktuBHomhy IDO-a, oxaroBopaH 3a eKCHaH3Wjy WMYHOCYNpPECHUBHHX Treg
muM@doIUTa, KOJU Cy KJbYUHH 3a yOnakaBame OOJIECTH W pereHepainujy CIy3HHIE IpeBa,
obonenuMm muesa cy, nopex DSS-a, ammkoBane aeHaputcke henuje y KojuMa je CHHTE3a
IDO-a uaxubupana npumeHoM 1-MT (2mg/ml) u edexar muxoBe npuMeHe je yrnopehusan ca
TEpanujCKUM  epeKTHMa  JEHAPUTCKUX  henuja  KyJNTHBHCAHUX Yy  CTaHAApIHUM
71a00paTOPUJCKUM yCIIOBUMA.

Ca mwpbeM Ja ce eIMMUHMILE YTHIA] pPE3UIEHTHUX JEHIpPUTCKUX henuja, u3
EKCIEpUMEHTAIHUX JKUBOTHIbA Cy TIpe TpaHcdepa IeHAPUTCKUX henuja nemserupane
pPE3UICHTHE JICHIPHUTCKE henmuje WHTpalepuTOHSATHOM aIlUIMKAIlUjoM carnopuHa (Saporin,
Advanced Targeting Systems, San Diego, CA, USA) y no3u on 2mg/kg. CanopuH IUbHO
neneTupa JeHapurcke henmje npesa jep one excnpumupajy CD103 peuenTop 3a Koju ce 0Baj
MMYHOTOKCHUH Be3yje. HakoHn ynacka y unspHy henujy, canopuH nHXUOMpa CUHTE3y pOTEenHa
U UHAYKYje anonTto3y (211).

Jennenuja neHaApuTCKUX henrja y3pokoBalia je 3Ha4ajHO MoTopIIame KomuTrca ko DSS-om
tpetupanux BALBc mumiesa mro je 6uno manudecroBano 3Hauajuo Behum DAL u
xucronomkuM ckopoM (I'padukon 18) HacTanmum ycnes ryOuTKa TelnecHe TeXHHE, OOMITHIX
BOJICHUX CTOJIUIIA, TEIIKOT omTehema PEeBHOT enuTeNa U peKTaTHUM KpBapemweM (Cruka 35,

I'padukon 19).
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I'pagukon 18. Knunuuxu cxop DSS-om mpemupanux muwesa koju cy npumunu oenopumcke henuje nakon

Oenneyuje pezudeHmuux oenopumckux henuja.

Cnuka 5

Cnuxa 5. Penpezenmamuenu uceuyu mrxuea xoaona DSS-om mpemupanux muweea Koju cy npumunu
Oendpumcke henuje naxon Oenneyuje pezudenmuux Oenopumckux henuja. Kusomurwama kojuma cmo
odennemupanu DCs youeno je owmmeherse enumena npaheno edemom u heaujckum unguimpamom, a ciudan Haias
je youen u ko0 epyne muwieea Koju cy npumunu adonmuenum mpancgepom DCs xojuma je umnxubupana
axmusnocmu IDO-a ynompebom 1-MT. Ca opyee cmpane, BALBc muwesu xoju cy npumuiu DCs apxumekmonuka

Jje comoso nenapyuiena.
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I'pagpuxon 19. Xucmonowku cxop DSS-om mpemupanux muwiesa Koju cy npumunu oenopumcke henuje

HaKoH Oenneyuje pe3udeHmuux oeHopumckux henuja

Erzanepbammjy DSS konmutnca xonq BALB/c MumieBa TpeTHpaHUX CAllOPUHOM KapaKTEPHUIILy
CUTHU(UKAHTHO CMamkEeHE KOHIIEHTpalje Kunypernnna y cepymy (I'padukon 20) u 3Ha4ajHO
cMambeme YKymHor Opoja Treg numdonnra y JaMHUHH MPOMPHjU IPEBa, IITO yKa3yje Ha 3Ha4aj
KUHYpPEHHHCKOT MyTa Yy AeHAPUTCKUM henujama 3a excian3ujy T peryiaropHux muMdonura u
3a BUXOBY MPOTEKTUBHY ynory y koiutucy (I'papuxon 21). Hakon TpaHcdepa JeHIPUTCKUX
henuja cratucTUUKK 3HA4ajHO je mopacTtao ¥ KIMHUYKHK (I'padukon 18) m XxucTomnomka cKkop
(Cnuka 4, I'paduxon 19). ¥3 To, y cepyMuMa OBUX KHUBOTHH-a U3MEpPEHE Cy 3Ha4yajHO Behe
KoHIIeHTpauuje kunyperuna (I'padukon 20), a y JaMUHH IPOIIPHjH LIPEBa YOUEH je 3Ha4ajHO
Behu O6poj Treg mumdonuta (I'paduxon 21). Kox mumesa kojuMa Cy armIMKOBaHE IEHAPUTCKE
henwje KojuMa je MpeTXoHO cynpuMupana akTUBHOCT IDO-a HHje youeHo cMameme 0otecTr
HUTHU je youeH Behu Opoj Treg numdoruTa y 1peBuMa MITO HEIBOCMUCICHO MOTBphyje na
nenapurcke henuje mocpenctsom IDO-a mpomoBuiny ekcnansujy Treg numdonura ynme

omoryhyjy perenepanujy ciysnune npesa (I'paduxon 18, 19, 20, 21, Ciuxa 5).
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I'pagukon 20

I'paghuxon 20. Cepymcke Konyenmpauuje kunypenuna ko0 DSS-om mpemupanux BALBc muweea koju cy

npumunu oenopumcke henuje Hakon denneyuje pezudenmuux oenopumckux henuja
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I'pagukon 21

I'paghuxon 21. Bpoj Treg numepoyuma uznosanux uz namune nponpuje DSS-om mpemupanux muuieea Koju

¢y npumunu oenopumcke henuje nakon oenneyuje pesuoenmuux oenopumckux henuja
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4.6. ®a3u peMuUcCHje U pereHepanuje cJIy3HHUIE HPeBa y Jbyau 000J1eJIMX 0]
YJIIEPO3HOT KOJUTHCA KapaKkTepuilly Behe KOHIleHTpanHje KHHYPeHHHA |

Yy cepymuMa M y penecuma

Jla Ou ce mpoBepwiia PEIeBaHTHOCT pe3yiTaTa MOOWjeHHUX Yy MHUINKjeM Mojeny OoiecTu,
aHAJIM3WpaHe Cy KOHIICHTpAIMje KUHYPEHUHA Yy cepyMy H (erecy marujeHara o00IeIux o
YIIEPO3HOT KOJUTHUCA y pa3nuuuTuM azama 00jecTu U qo0ujeHr mojanu cy nopehenu ca
pe3ynTatuMma J00HMjeHUM KOJ 37paBuX HcruTaHuka. Q00U NalMjeHTH CY MOJICJbeHH Y JIBE
EKCIIEPUMEHTAIIHE TPyIe: Yy NPBY Cy CBPCTaHHW OOJICCHUIM y PEMUCH]H Ca pPEreHEpaldjoM

CIy3HUIIE 1IpEBa, a y APYTY MalHjeHTH KOjH TaTe O XPOHUYHOT, Mep3ucTupajyher komuTuca
(Tabena 7).

XporraHa dopma GomecTH
Epoj nammjenara, "
26 (40%
N=65(%) | (40%)
Hoa (mymkn/kenckn), N | 19/7
Crapocr, Meanjana, 5012 (26-79)
(oncer)
Hb, meanjana, i
(mHTepKBapTILT)
S 109.(19)
(MHTEpKBpaTILT)
Py . 7.5 (5.53)
(MHTepKBapTILT)
= |
R 180215
(mHTepKBapTILT)
UIBC, meaujana, 1209)
(merTeprBapTILT)
56 (13.25)
(mHTEpKBAPTILT)
C4, meamjana, 0.35 (031)
(HHTEePKBpaTHLT)
€ e, 175 (1.02)
(mHTepKBAPTILT)
CAE, meaujana, 375 254)
(HMHTepKBapPTILT)
Ca 19-9, Memjana,
12.5 (16.50)
(nHTepKBAPTILT)

Tabena 7

Tabena 7. llapamempu mepenu K00 0001eaux 00 yIyepo3noz KOAUMUCA HA OCHOBY KOJUX Cy C6PCMAGANHU Y

eKcnepumenmaline zpyne.
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Behe koHIleHTpalMje KUHYypernHa y cepyMy U3MepeHe ¢y y 00e rpyme obonennx y nopehemy
ca 37paBuUM ucnHTaHUIMMa. KOHIIEHTpalija KWHYpeHHHA y CepyMy TannjeHaTa KoJ| KOjuX je
KoJUTUC Y (a3u peMucuje cy Omie 3HavyajHO Behe Hero y rpymnu o0oJjieux 01 XpOHUYHOT
MEP3UCTEHTHOT O0JINKA KOJIMTUCA, OJJHOCHO ITOCTOjajla jé CTATUCTUYKY 3HauajHa, CPe/Ibe jaKa
HeraTUBHA Kopenaiuja u3Mel)y cepyMcke KOHIGHTpaluje KHHYpeHMHa W KIMHUYKOT CKOpa.

(I'pacdukon 22).

3,5

2% - J

2 - Hzgopasy nawrjeHTH

O cnoHTada pereHepalmMja
15 -

B xpoHWyHa dopma DonecTH

Kunypennn (pmel/L)

05 -

I'pagpukon 22

I'pagukon 22. Cepymcke Konyenmpayuje KUHYpeHUHA.

Behum konmnentpamnujama cepymckor kunypewHa (I'padukon 24) oaroBapanu Cy TKUBHU
WCEUIM Ca jaCHUM 3HAallMMa OYyBaHUX KPHIITH W pereHepandje CIy3HHUIle, JOK je jacHa
XHMCTOJIOIIKM PETUCTPOBAaHA JECTPYKILMja emuTeia ca 30pHCaHuM KpHUITaMa U U3PaKEHUM
henmujckuM WHOUITpaTUMa yO4YeHA KOJ TMalfjeHaTa KOju Cy HMajld HIDKE BpPEIHOCTH

KuHypeHuHa y cepymy (Cnuka 6, I'padukon 23).
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I'pagpukon 23

I'paghuxon 23. Xucmonowku ckop nayujenama.

12 - r=-0.418
p=0.002

& g

Knnypenwn (pmel/L)
>

0 1 2 3
HAWHHMY KK CHOp
CMIOHTaHa pereHpalymja XpoHuuHa dopma Bonectu

I'paguxon 24

I'paguxon 24. Cmamucmuuku 3Hauajua, cpeorwe jaka Hezamuena kopenauuja usmelly KoHyeHmpauyuje

KUHYPEHUHA Y CepyMY U KIUHUYUKOZ CKOPa
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CnoHTaHa pereHepawja XpoHu4Ha dopma Gonectu

Cnuka 6

Cnuxa 6. Penpesenmamugnu uceuyyu mkuéa Konona..Ha Xucmonowxum npenapamuma ciy3Huye ypeed
nayujenama Koo KOjux je KOIumuc y pemucuju youasajy ce ouyeane Kpunme u pezeHepayuja ClrysHuye ypeea

Hacnpam 36pucanux Kpunmu u hequjckux unguimpama Koo nayujeHama ca npospecueHom Gopmom boiecmu.

Kox mammjenata ca XpOHHYHUM Tpe3ucTHpajyhuM OOJIMKOM KOJIUTHCA, KOJ KOjuX je Behu
CHJIOCKOIICKH CKOp, €H/IOCKOIICKHM IIPETJIeIOM YOUMIN Cy C€ €pHTeM, epo3uje W 30pucaHa
BackyJsiapHa Mpexa (Ciuka 7), 10K Cy BpeTHOCTH KUHYPEHUHA y cepyMy OuJie 3HaUajHO Mambe
(I'pacdukon 22). y nopehemy ca manmjeHTUMa y PEMHUCH]H KOjU Cy MMM 3HAYajHO MambH
enockoncku ckop (I'padukon 25) .

Behe BpenHocTH KMHYpEHHHA y CEpyMy YOUEHE Cy KOJI MaryjeHaTa Kol KOjuX Cy OWiie Mame
cepyMcke KoHUeHTpanuje uH(praamauujckux mapamerapa (CRP-a, TNF-a u CXCLI11)
(I'pacdukon 264, 6, 1).
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a-CrMoHTaHa pereHepauyuja b-xpoHu4Ha popma Bonectn

Cnuka 7

Cnuxa 7. EHOOCKONCKUM HANA30M ce youasajy epo3uje, 30pucana 6acKyiapHa mpedxca u epumem Ko
nayujenama ca XpoHuuHum npesucmupajyhum o00aukom Koaumuca 00K 06e HNPOMEHe HUCY YoueHe KOO

nayujenama Koo KOjux je Koaumuc y pemucuju

¥

L
wn
1

[ ]
1

=
wn
1

O cnoxTasa pereHepaumja

[
1
=

B xpoHWYHa dopma DonecTH

Enpockencku cybekop

=)
wn
1

I'pagpuron 25

I'pagpuxon 25. Mayo endockoncku cyockop.
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I'pagukon 26. Cepymcxe konyenmpayuje CRP-a(a), TNF-0(6) u CXCL11(s)
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VY denecuma obonenux o yIAIEPO3HOT KOJIUTHCA PETUCTPY]Y ce 3Ha4ajHO Behe KOHIeHTpalje
KHHYpPEHHHA HETO KO/ 3ApaBUX UCITUTAHUKA. Y TPYIH 000JIENHX ca CIOHTAHOM PEreHepaInjoM
CITy3HHIIE IIpeBa U3MEPEHE Cy 3HayajHO Behe KOHIIEHTpalldje KHHYpeHHHA y (erecy Hero y
TpyOu ca XPOHUYHUM Mep3ucTeHTHUM obnukoM Oonectu (I'padukxon 27). Takohe, Behe
KOHIICHTpallje KUHypeHrnHa npaheHe cy 3HauajHO MamuM KoHueHTpauujama IL-17, TNF-a,

¢dexkamHor kanmporekTrHa kao 1 CXCL11 y denecy (I'paduxon 28a,0,8,r).

*

16 - f
— 14 1 T
2 o L
*]
E_ 10 - Esopasd NaLMjeHTH
E g - OcnoHTasa pereHepayMja
E 6 M xpoHKUyHa popma Donectu
o
e
L 4 - I
£

2 -

'] 1

I'pagukon 27

I'paghuxon 27. Konuempayuje kunypenunay geuyecy.
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I'pagukon 28a
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I'pagpukon 282

I'paguxon 28. Konuenmpayuje IL-17(a), TNF-a(6), ¢pexannu xannpomexkmun(e)y CXCLI11(2) y ¢peuecy

nayujenama.

4.7. lloBehame KOHLEHTPaLUje KUHYPEHUHA Yy cepyMuMa M (penecuma
npatu nopehame 6poja umynocynpecusaux Treg sumdponura y Cy3HUIA
KOJIOHA 000J1eJIMX 0/ YJILEPO3HOT KOJMTHCA KOjH cy y (ha3u peMucuje

ooJiecTH

Behe xonnenrpamuje kunypenuna (I'paduxon 27, 22) npahene cy BehuMm KOHIIEHTpalujama

Hsopasu nayMjeHTH
OcnoHTaxa pereHepaumja

M xpormyHa dopma bonectu

IL-10 y cepymuma u enecuma obonenux (I'paduxon 29 a,0).
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Hsppask NnawnjeHTH
O cnoHTaHa pereHepalMja

B xpoHuyHa fopma DoascTi

EHzppasu NaLWjeHTH
O cnontaqa pereHepauuja

B xpoHKyHa hopma DonscTH

I'pagpuxon 29. Hzmepene konyenmpauuje IL-10 y cepymuma (a) u peyecuma (6) nayujenama.

[ToBehame KoOHIEHTpalMje KUHYpPEHHHA y cepyMUMa M Qerecuma npaTu nosehame Opoja

umyHocynpecuBHUX CD4+FoxP3+, CD4+IL-10+ Treg mumdonnta, CD56+IL-10+ NK henuja

u cMameme 0poja nadumamarujckux CD4+ IFN-y+ T u CD56+IL-17+ NK henunja y namunu

MpOIpHju 1peBa odonennx y ¢asu pemucuje 6onectu (I'paduxon 30 a, 6, B, 1, 1 ,h).
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%CD56+IL-10+ heawnja

I'pagukon 306
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I'pagpuxon 30k

I'pagukon 30. Ipucycmeo Treg numpouyuma xoju npodyxyjy IL-10(a), T aumpouyuma xoju npodyxyjy IL-
10(6), NK henuje koje npooykyjy IL-10(8), T rumegpoyuma xoju npooyxyjy IFN-y(2), NK henuja xoje npooykyjy

isotype control

mucosal healing

chronic persistent disease
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IL-17(0) u penpesenmamuenu oom nnomosu(l)) y namunu nponpuju oononenux.
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4.8. Mama KOHLIEHTpaNuja KHHYpPeHHHAa U Behe KOHLeHTpaluje
HHGIAMALMjCKUX HUTOKUHA U3MEPEeHe €y Y CYJKYCHMM Te4YHOCTHMA

000s1eJIMX 01 YJIIEPO3HOT KOJIUTHCA y mopehewy ca 3apaBum ocodama

[lopact wmHGIaManMjCKUX IMTOKUHA W HEKOHTPOJIMCAH HMYHCKH OJIrOBOp Y IIpeBUMA
o0oJIeTMX 0J1 yJIIEPO3HOT KoiuTHca npaheH je cucTteMckoM HMH(MIaAMaIjoM KoOja Cce MOXKeE
MaHH(ECTOBATH M TATOJOIIKAM IMpOMEHaMa y yCHOj nymubu. CylKyCHa TEYHOCT je JIaKo
JOCTYITHA W HeHa aHaimm3a omoryhaBa mpaheme mnapamerapa JIOKaTHE M CHCTEMCKE
nHpnamanuje. CXoIHO TOME, UCIHUTAaHA jeé MOTYhHOCT Mepema KUHYpEeHWHA Y CYJIKYCHO]
TEYHOCTH Kao TIOTEHIUjATHOT JMjarHOCTHYKOT TapaMmerpa 3a mnpaheme wHQIaMaluje Ko
oboJnenux oj yiepo3Hor konutuca. KoHIeTpanuje KUHYpeHHHA H3MEpEeHe Y TEYHOCTHMA
Y30PKOBAaHMX W3 THUHTHBAJIHHX CyJIKyca OOOJICNIMX OJI YJIEPO3HOT KOJHMTHUCA Cy Owuie
CTaTUCTHYKU 3HAYajHO Mame HEro KOHIEHTpalMje KUHYpPEeHHWHa J0OMjeHUX M3 CYJIKYCHHUX

TEYHOCTH 37paBux ocoba. (I'padukon 31).

25 EE T M 3apaBu nayMjeHTH
i - 1
20 -
B Obonenuu og
= 15 - yAuepozHor
TE: KONMTHCA
1 10 -
5 -
ﬂ .

KunypeHuH
I'pagukon 31

I'paghuxon 31. Hzmepene KoHyenmpayuje UMyHoCynpecusHoz KUHYpeHUHA y CYJIKYCOj meYHOCmU 000aeux u

30pasux nayujenama
Mame KOHIEHTpalyje KWHypeHuHa mnpaheHe cy W 3Ha4dajHo BehuM KOHIETpanujama

MH(]pIIaMaMjUCKUX ITUTOKWHA y TUHTUBaNIHO] TeuHocTu: IFN-y, CXCL11, IL-1p, IL-12, IL-23,
IL-17 ('padukon 32 a, 6, B, T, 1, 1)).
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I'paghuxon 32. Himepene konuenmpayuje npour@iamayujcKum yumoKuna MepeHux y CyiKycHoj meuHocmu:

IFN-a(a), CXCL11(6), IL-1(s), IL-12(z), IL-23(0), IL-17().
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4.9. UnTpanepuTOHEeAIHA AIUVIMKAIMja Me3eHXMMAJIHUX MaTUYHMX henuja
mumesuma coja CS7BL/6 cmamyje cBe KIMHUYKE, OMOXeMHjKe 1

XMCTOJIOIIKE MapaMeTpPe KOJIUTHUCA U3a3BaAHOT DSS-om

[Topen neanputckux hemuja, MSCs cy rmaBam henujcku uzBop IDO-a y nipeBuma (183, 184).
300r TOra je UCIUTUBAH Tepanujcku noreHuujanr MSCs y Moynanuju KOJIUTHUCA.

Jpyror u meror JaHa HAaKOH MHAyKLUMje KojuTuca wMumeBuMma coja C57BL/6
MHTpaNepUTOHEATHO je aminkoBaHo 1x10° MSCs M30/10BaHUX M3 KOCTHE CPKH KHBOTHHA
HCTOT coja. MUIIEBH TPETHPAHU HA OBA] HAYWH CYy PA3BWIIM 3HAYAJHO JIAKIIHA OOJIUK OOIECTH.
Konon mumesa kojuma cy aminukoBaHe MSCs 0610 je 3HayajHO Jy»H HEro KOJIOH MMIIEeBa
KojuMa Hucy arunkoBaHe ose henuje (I'paduxon 33). Takohe, ko MuIIeBa KOju Cy NPUMUIH
MSCs ce peructpoBao 3HaYajHO MamHM T'YOMTaK TeJeCHE Mace M HM30CTAaHaK PEKTATHOT

kpBapemwa (I'padukon 34). mTo je pe3ynTupano MambuM KIMHHIKAM ckopoM (I'padukon 34).
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E £ 3 % %
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=} OC57BL/6 + DSS + MSCs
1 4
0 |

I'pagpuron 33

I'pagukon 33. [yyncuna uzonoeanux xonona C57BL/6 muwmesa mpemupanux DSS-om u naxkon anauxayuje

MSCs.
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I'pagpuxon 34. I'voumak menecne mace C57BL/6 muwesa mpemupanux DSS-om u naxon annuxayuje MSCs.
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I'pagukon 35

I'pagpuxon 35. Knunuuxu (DAI) ckop C57BL/6 muwesa mpemupanux DSS-om u naxon annuxayuje MSCs.

Jlakmn ob6nuk OosecT MuIieBa Koju cy npumuian MSCs moTBpheH je W 3HauyajHO MambuM
XMCTOJIOIIKAM CKOpPOM: Ha XHCTOJOMIKMM mpemnapatuMa DSS-om Tpetnpanux C57BL/6
KHUBOTHa KOjuMa cy arinkoBaHe MSCs je youaBajy ce 3HauajHO Mame omTeheme TKUBa
KosloHa y3 henMjcku MHQUATpAT KOjU je Mame IenyjapaH M yIJaBHO orpanuyed. Ha
MOCMaTpaHUM TIperapaTiMa MuIieBa Tpetupanux DSS-oM jacHO ce yodaBa aecTpyKija
KpHUIITH, €po3Hja enuTena npaheHa ucTamemheM JaMUHe TIPoTpHje oK je henmujcku nHpUITpaT

nudysaH, u3paxeH a henuje npoxkumajy cBe ciojese 3ujaa koinoHa (Cnuka 8, I'paduxon 36).
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Cnuxka 8. Penpe3zenmamuehnu uceuyu 3uoa oebenoz ypeea nocie anauxayuje DSS-a u annuxayuje MSCs. Koo
DSS-om mpemupanux muuiesa coja C57BL/6 ommeherwa enumennux henuja uypesa cy éuna oncexycnuja,
Mmacoena unguampayuja umynckux henuja je ouna npucymua 00Kk ko0 muuieea koju cy mpemupanu MSCs

nopeo ozpanuuenoz henujckoz ungpunmpama Hucy youena éeha ouimeherwa cmpyxmypa
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I'paghuxon 36

I'paghuxon 36. Xucmonowrxu cxop C57BL/6 muwesa mpemupanux DSS-om u naxon annurxayuje MSCs.
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Jlakmu o6smk 60JecTH y TPYIU KUBOTHIA Koje cy npumuie MSCs npaheH je nmoBuIeHUM

CepyMCKHM KOHIIEHTpanujama kunypennna (I'padukon 37).
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KUHYpeHuH
I'pagpukon 37

I'pagukon 37. Hzmepene konyenmpayuje kunypenuna muuiesuma coja C57BL/6 mpemupanux DSS-om u

Haxon anaukayuje MSCs.

4.10. ITpumena MSCs ko 000J1eJIMX MUIIIEBA 3HAYAJHO CMambYje U

KOHIIEHTPALMjy MPONH(IAMAIMjUCKUX HUTOKUHA y CEPyMy

VY cepyMy XuBoTHB-a Koje cy npumane MSCs u3MepeHe Cy 3HauajHO Mame KOHIICHTpAIHje
nHpnamaryjckux murokuHa (TNF-a, IL-12, IL-1B) y mopehemy ca muIiieBa kojuma HHCY
arummkoBane MSCs (I'paduxon 39). V3 1o, nmpumena MSCs y3pokoBama je IOpacT

KOHIIeHTpanuje umyHocynpecuHor 1L-10 y cepymy obonenux xuBotuma (I'paduxon 38).
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I'paghuxon 38. Konyenmpayuja yumokuna (TNF-a, IL-12, IL-1f, IL-10) y cepymuma DSS-om mpemupanux

Mmuwesa naxkon anaukayuje MSCs

4.11. Ilpumena MSCs koa o6oJsiesux mumena coja C57BL/6 3nauajuo
cMamyje 0poj nndaamanujckux qeHapurckux heamuja u makpodara y 3uay

npeBa

JIBaHaecTOr EKCIEepUMEHTAHOT JaHa, W3 JiamuHe mporpuje kosoHa CS57BL/6 wmumena
W30JI0BaH j€ 3HauajHO Mamh Opoj mnpouH(IaMalMjUCKUX ACHIPUTCKUX henuja
(CD45+CDl1ct, CD45+CD11¢+CD40+, CD45+CDI11c+IL-12, CD45+CDI11c+IL-
1B)(I'padukon 39).
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I'paghuxon 39. Hzonoeane DSs u3 namune nponpuje upesa muuiesa koju cy npumanu MSCs.

IIpumena MSCs 3HauajHO cMmamyje u O0poj CD45+F4/80+ makpodara koju mnpoaykyjy
unpmamammjckn  IL-12. Huje  perucrpoBaHa  curHu(uKaHTHa  pasnuka  Opoja
CD45+F4/80+TNFo+, CD45+F4/80+IL-1p wundnamanmjckux M1 HEH y  Opojy
CD45+F4/80+IL-10, CD45+F4/80+CD206+antepHaTuBHO akTUBHpaHux M2 wmakpodara
n3Mely excnepumenrtanuux rpyna (I'pagukon 40) mro ykasyje na je egexar npumene MSCs

BEpOBATHO OMO MOCIIEANIIA BbUXOBOT YTHLIAja HAa IPOMEHY (heHOTUNA U PYHKIH]je NEHIPUTCKUX

hennja.
% O CS7BL/ G souTpona
. 1 B CSTBLG+ MSCs
! T
E CICSTBL 6+ DSS
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I'pagukon 40

I'pagukon 40. Hzonoeanu maxpoghazu uz namune nponpuje ypeea muuieea Koju cy npumaniu MSCs.
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4.12. Ilpumena MSCs koa ob6osieux muiena coja CS7BL/6 3nauajuo
cMamyje NpoueHTyaaHu yjaeo naduaamanujuckux CD4+ heauja, a

noehaBa npoueHar ToJsieporenux henuja npucyTHUX y JaMUHU NPONPHjU

300r yumEHULE N1a JIEHAPUTCKE heiuje CBOj yTHIAj HAa MPOTPECcHjy KOJIUTHCA OCTBApYjy
WYTIIaBHOM TIOCPEIHO, akThBanujoM T nmMm¢onnTa, aHAIU3UPAHO j€ TPUCYCTBO, (PEHOTUT H
¢byukauja T mumdornuTa y JaMUHH]HU TIPOTIPUJH 1IpeBa 00O0JICTINX MHIIIEBA HAKOH aIrlJTUKAIIH]e
MSCs.

VY henujckum uHUATpaTHMa JaMUHE TpONpHje MHIIeBa Koju cy nmpumanu MSCs Ouo je
npucyTaH 3HauyajHo Behu mpoueHat umyHocynpecuBHux CD45+CD4+FoxP3+IL-10+ Treg

mumpornuta (I'paduxon 41).
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I'pagukon 41

I'paguxon 41. Ipouenmyanna zacmynwenocm Treg numepoyuma roju npooykyjy IL-10 y nonynauuju

MOHOHYKIeapa u3i108aHUX U3 1amune nponpuje muuieeéa nakon anauxayuje MSCs.

VY3 To, y NTaMHHH TIPONPHjH MUIIEBa KojuMa Ccy arummkoBane MSC yodeH je 3HaTHO Mamu

nporeHaT uHpmamarujckux CD4+IFN-y+ T mumdoruta (I'padukon 42).
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I'paguxon 42

I'pagukon 42. Ilpouenmyanna 3zacmynwenocm T num¢poyuma kxoju npodykyjy IFN-y y nonynayuju

MOHOHYKIeapa u3i108aHUX U3 1amune nponpuje muuieéa nakon anauxayuje MSCs.

4.13. MSCs noBehaBa ”MyHOMOAYTALMjUCKH KANIALUTET AIIMIUPAHUX

DCs

Ha 6u ce ucnuraima moryhHoct na ce amnukanujom MSCs nosehajy ToneporeHun u
MMYHOCYIPECUBHHM NMOTEHIMja]l ICHAPUTCKUX henMja ¥ Ha Taj HAUWH JONPHHECY CMambeHmy
nH}IaMaIyje KoJIoHa, 000JeTUM MUIIEBHMA Cy alUTMKOBAaHE JIEHAPHUTCKE henmje mpeTxomHo
M30JI0BaHE U3 3[paBUX MHUIIIEBA U KOKyaTHBUCaHEe ca MSCs.

[leTor naHa €eKCNEPUMEHTAa AaIlUIMKOBaHO je WHTpanepuToHeanHo 20x10° DCs koje cy
Kokyntusucane ca MSCs.

Ob6onene xuBoTHEHE Koje cy mnpummie C57BL/6 nennputcke henmje KynTHUBHCaHE Y
CTaHJApJHUM yCIIOBHMA Cy pa3BUJIe TeXH 00JIMK Konutuca. CylpoTHO ToMe, 000J1€JIM MUILIEBU
Kojuma cy aruukoBaHe C57BL/6 nenaputcke henuje nperxonHo kynrtuBucane ca MSCs, cy
pasuBIHK JIaKIIK 001K Oojectu, MaHudpecToBaH MambiuM DAI ckopoM (3HATHO MamH I'yOHTK
TEJIECHE Mace, N30CTaHaK PEKTATHOT KpBapemwa, OOMIHE Aujapeje u ayxu kojioH) (I'padukon

43a, 0, B).
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TI'paguron 43. Knunuuku (DAI) ckop(a), xucmonowku ckop(6) u cyéumax menecne mace(g) Koo Hcugomura

Kojuma cy annurkoeane DCs kynmueucane ca MSCs.

Ha xwucromomkuMm npenaparuMa TKUBHUX Y30paka KOJIOHAa MHUIIEBA KOJU CY aJONTHUBHUM
Tpanchepom npummin C57BL/6 nennputcke henuje KyaTUBUCAHE Y CTaHIAPIHUM YCIOBUMA
yodaBa ce MH(]pIamManuja u TyouTak HOpMaliHe CTPYKType M apXUTEKTOHHKE TKHMBA Haclpam
TKUBHUX WCEYaKa KOJOHA KMBOTHE-A KojuMa cy arummkoBaHe CS57BL/6 nenaputcke henmje
nperxoAaHo KynrtuBucane ca MSCs. Ha xucronomkum mpenapatuma >KMBOTHEA2 W3 OBE
eKCIIepUMEHITAJIHE TpyIle yodaBajy c€ MHUHUMajiHa omrtehewma KpUNTH y3 MawmHh Opoj
uHbIaManujckux henuja, mMTo je pe3yaTHpaTo CTATHCTUYKH 3HAYajHO MAmbHM XHUCTOJIOMIKHM

ckopom. (Cruka9, I'padukon 44).

T

C57BL/6°*° + DCs | + DCs-MSCs

Cnuka 9
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Cnuka 9. Kapakmepucmuunu uceuyu 3uoa oebenoz ypesa nocie unoykyuje DSS xonumuca u anauxayuje

DCs kao u DCs kynmueucanux ca MSCs.
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I'pagpuxon 44

I'pagukon 44. Paznuke y xucmonomwkom ckopy uszmeljy obonenux muuieea xojuma cy anauxoearne C57BL/6
oenopumcke henuje Kynmueucane y cmanoaponum ycinoeuma u C57BL/6 denopumcke henuje npemxoono

kyamueucane ca MSCs.

4.14. UnTpanepuTOHEeaIHA AIVIMKALMja Me3eHXUMCKUX MaTHYHUX heauja

BALBc MumieBa noropuasa KOJUTHC MUIIIEBA HCTOT €Oja

Hpyror u neror naHa Ooyiectd 06osenuM muimieBuMa coja BALBc mHTpamnepuToOHEamHO Cy
arumkoBane MSCs ucror coja.

CynpotHo ox edekata koje cy C57BL6 MSCs umane y Moayianuju KOJIUTHCAa MUILIEBA UCTOT
coja, kox obonenux BALBc mumesa nHakon npumene BALBc MSCs youaBa ce 3HauajHO
MOTOpIIake KIMHUYKE CIIMKE: OOMIIHE, KpBAaBE CTOJIMIIC W 3HAauYajaH IyOMTaK TelecHe Mace y

nopehemy ca xxuBoTHmama koje cy npummiie camo DSS. (I'paduxon 45).
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I'pagpuxon 45. Knunuuxu (DAI) cxop naxon annukayuje MSCs mumeeu BALBc coja

XUCTONOMIKK HUCY YyodeHe Behe pasnmke u3Mmhy mopeheHux rpyma amu cy henujcku
MHOWITPATH ILenyJapHUjU KoJX oO0oJienux >XMBOTHWA Koje cy mnpummie MSCs. Ilopen
orpanudeHor hemmjckor mHbmiITpara He yodaBajy ce Beha omrehewa TkuBa (I'paduxon

46,Cnuka 9).
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I'pagukon 46. Xucmonowku ckop DSS-om mpemupanux muwesa coja BALBc nakon anauxayuje MSCs.
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BALBc kouTpona

Cnuxa 10

Cnuxka 10. Kapakmepucmuunu uceuyu 3uoa dedenoz upesa nocie unoykyuje DSS konumuca u annukayuje
MSCs. Koo DSS-om mpemupanux muwesa coja BALBc koje cy npumune MSCs macoena unpunmpayuja
umyHnckux henuja je ouna npucymua 00k K00 muwiesa Koju cy mpemupanu DSS-om ozpanuuenoz henujckoz

ungunmpama nucy youena eeha owmmehera cmpyxmypa.

4.15. llpumena MSCs kox o0oJsienux mumesa coja BALBc 3Ha4ajHo
nosehasa npoueHTyas Hu yaeo undgiaManujuckux Mmakpodara, a cmamwyje

NPoOLEHAT ToJeporeHnx henuja npucyTHUX y JJAMUHU NPONPHjHU

W3 namuHe mporpHje HAKOH IBAHECTOT JaHa CKCIICPUMEHTa YoueHO je Behe mpucycTBo
Makpodara, mocedHo mapIamanujckux M1 makpodara koju npoaykyjy IL-12. (I'padukon 47

a, 0)
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Tpagpuron 47. Ilpouenmyannu yoeo maxpoghaca(a) y nonynayuju MOHOHYKIeapa U307108AHUX U3 J1AMUHE
nponpuje BALBc muwiesa naxon annukayuje MSCs-a 20e 0omunupajy npoungnamayujcku makpoghazu Koju

npooykyjy IL-12(0).

[IponeHTyanHa 3aCTyIJbEHOCT alITepHATUBHO aKTUBUPAHUX Makpodara je Onia 3HayajHO Marba

KOJI 000JIeNINX )KUBOTUHbA Koje ¢y Tpetupane MSCs (I'padukon 48).
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I'pagukon 48.

I'pagukon 48. Ipouenmyannu yoeo maxkpohaza y nonynayuju MOHOHYKIeapa U30108AHUX U3 JIAMUHE
nponpuje BALBc muwesa naxkon annukayuje MSCs-a 20e anmepHamueno aKkmusupanux mMakpogaza uma

3HAMHO mare.

4.16. IIpumena MSCs koa o6oJ1esmx MuiueBa coja BALBc 3nauajno

cMamYyje NpoLeHaT ToJeporeHux JeHaApuTkux heauja xoje npoaykyjy IL-10

JIBaHaecTOr 1aHa EKCIIEPUMEHTa, U3 JaMuHe nponpuje BALBc muieBa kojuma cy aruinkoBaHe

BALBc MSC u3omnoBan je 3Hatao Behu 6poj CD11c+ nenapurckux henmja. (I'padukon 49)
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I'pagpukon 49
I'pagpuxon 49. Ilpouenmyanna 3acmynsenocm DCs y nonynayuju moHOHyKIeapa u3ono8aHux u3 JamMuHe

nponpuje muuiesa cuja BALBc mpemupanux DSS-om naxon annuxayuje MSCs

V3 T0, CTATHCTHYKH 3HA4ajHO MAFbH MIPOIIEHAT TOJIEPOTCHHUX ACHAPUTCKUX Koje MpoayKyjy IL-
10 cy youeHe y KOJIOHY 000JI€NIHNX KUBOTHUIA Koje cy npummie MSCs (I'papuxon 50. a, 0).
YumeHHIa /1a HUje yOoUueHa pa3jfKa y MPOLEHTY MH(IaMalnjCKuX ASHAPUTCKUX henuja Koje
npoaykyjy IL-12 (I'paduxon 50 a), ykasyje na je epexar BALBc MSCs Ha moropiame
KOJIUTHCA TIOCIEIUIa HHXOBOT CYNPECHBHOI e(eKTa Ha TOoJeporeHe IeHApUTCKe hemnmje

BALBc mumiena.

106



BALBc KoHTpOna

-

B BALBc + MSCs

-

I BALBc + DSS

el i

-

BALBc + DSS + MSCs

-

-

o8 .06
O N DO ®B®RLRNDDO®

% y nonynauuju MOHOHyK/Neapa

i

CD11c+IL-12+

I'pagukon 50a

BALBc konTpona

1]
=]
]

% %k
m BALBc + MISCs

h
(1]
1
—_

BALBc + DSS

]
o
1

BALBc + D55 + MS5Cs

(=Y
o
1

% y nonynayuju MoHOHYKNeapa
o o

) -

CD1lc+IL-10+

=]

I'pagpuxon 500

I'pagpuxon 50. Ilpoyenmyanna 3acmynwenocm umynonomenyupajyhux DCs(a)u umynocynpecusnux(6) y
nonynauuju MOHOHYKleapa U30108aHuUX U3 lamune nponpuje muuieea cuja BALBc mpemupanux DSS-om

HaxoH anaukayuje MSCs
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4.17. 13 namuue nponuje odosneanx BALBc MuieBa HaKoOH TpeTMaHa
MSC nerexroBaH je 3HaTHO Behn npouenat unpaamanujckux CD4+ T

Jum@ponura

VY konony ob6onennx BALBc mumeBa kojuma cy amiaukoBaHe MSC youeH je cTaTHCTUYKH
3rauajHo Behu nporenar CD4+ T ymmdornuta (I'padukon 51).
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I'pagukon 51. Ilpouenmyanna 3acmynvenocm T numpoyuma y nonynayuju MoHoHyK1€APA U307106AHUX U3

aamune nponpuje muuiesa cuja BALBc mpemupanux DSS-om naxon annukayuje MSCs

VY3 10, cTarucTiuku curaudukanTHo oBehan % nHdmamaryjckux CD4+ T mumdormra (IFN-
v+ u IL-17+), a curaudukanTo cMameH % nmyHocynpecuBHux CD4+ mumdorura (IL-10+)
0uo je MpHUCyTaH y JJaMuHH mipornpuju 1ipeBa BALBc mumesa kojuma cy ammkoBane BALBc

MSC (I'padukon 52 a, 6, B, T).
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I'pagpuxon 52. U3 xonona muwesa xoju cy npumunu MSCs uzonosanu cy Thl (CD4+ IFN-y+)(a) u Th17(CD4+
IL-17+)(6) y 3namuo seefiem npoyenmy ook cy CD4+ henuje xoje npooykyjy IL-10 (8) bune npucymmue y 3Hamno

Marbem npoyexmy

4.18. KoHnleHTpanuja KHHypernHAa y CEPyMY OJIpakaBa pasjiukKe y
KJIMHUYKHM H XHCTOJOIIMM cKopoBuMa u3mely ooosenux C57BL/6 u

BALB/c kojuma cy anuiukoBane MSCs

[MopenuBmmm mobujeHe pesynrtate u3Mely komutuca mHAyKoBaHUM DSS-0oM KOa nBa coja
muieBa, BALBc xuBotume cy HakoH ammukauuje BALBc MSCs passuiie Ttexy dopmy
Oonectu (MaHu(ecToBaHE MOPACTOM KJIMHUYKOT M XHCTOJOMIKOT ckopa) Hactpam C57BL/6
MUIIIeBa KO Kojux je mpumeheHo 3HadajHo moOOJbIIaEke (MaHH(ECTOBAHO CMAambEHEM

KJIMHAYKOT ¥ XUCTOJIOMKOT cKopa) HakoH npumMene C57BL/6 MSCs (I'paduxon 53a, 0).
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Tpagpuxon 53. Paznuxe y KIUHUYKOM(A) U XUCHOLOWKOM CKOPY(0) usmely pasiuyumux cojesa Muuieea HaKoH

anauxayuje MSCs

KoHleHTpannja KHHYypeHHa Yy CepyMy OIpa)kaBa pPasiHKe y KIMHHYKHUM W XUCTOJIOUIMM
ckopouMa uzmely obonenux C57BL/6 u BALB/c kojuma cy ammkoBane MSCs (I'padukon
54a). Konnenrpanuja kuHypeHrnHa je curaudukanTHo Beha y cepymy C57BL/6 xuBoTHEA
kojuma cy armnkoBane C57BL/6 MSCs, a curandukanTHO Mama y cepymy odomnennx BALB/c
muieBa koju cy npumann BALB/c MSCs (I'padukon 546). OBu pesynrtatu ykasyjy jaa je
KOHIICHTpallMja KHHYpPEHHA y CepyMy OJpa)kaBajia PaziUKe y KIMHUYKUM U XHCTOJOLIMM

ckopouMa m3melhy obonenux MSCs-tpetupannx C57BL/6 u BALB/c mumeBa u motphyjy
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XHIIOTE3Y Jla aHaJIi3a KOHICHTpalKje KHHYPEHNHA MOXKe TIOCITY>KUTH Kao 100ap mapameTrap 3a

npaheme nporpecuje yIepo3HoT KOJIUTHCA.
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TI'pagpuxon 54. Konyenmpayuje usmepenoe KUHypeHUHA y cepymy Hcugomurva Hakon anauxayuje MSCs cy 3nammo
eehe k00 owcusomurva coja C57BL/6(a) 0ok ce ko0 muwesa BALBc (6) coja Oemexmyjy 3nammno Huoice

KOHYenmpayuje UMyHOCYRpeCU8HO2 KUHYPEHUHA
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5. IMCKYCHJA

5.1. Y koautucy nzazsanom DSS-om, IDO peryanme uarepakuujy DCs u

Treg henuja y 1aMuHM nNponpuju upesa

DCs IDO/kuHypeHHHCKHUM IyTeM NMPOMOBHILY eKkcnaH3ujy Treg henuja gok Treg mumdouuTu
MOCPEICTBOM MMYHOMOYJIATOPHUX IIUTOKUHA CyNpUMuUpajy npoaykuujy IL-12 u nmojauasajy
cexkpernujy IL-10 y DCs unaykyjyhu y suma pa3Boj TosieporeHor ¢penorumna (216).

DCs BALBc mumeBa mmajy 3HaTtHO Behy aktmBHOCT IDO-a m 3HauajHo Behm kamanurer
NPOAYKLHMj€ HMYHOCYIIPECUBHOI KHHypeHuHa y mnopehemy ca DCs C57BL/6 mumena. Y
CKJIaJy ca TUM, CTAaTUCTUYKH 3Ha4ajHO Behe cepyMcKe KOHIICHTpalllja KUHYpEeHHHA U 3Ha4ajHO
Behu 6poj Treg mum¢onnTa OMo je mpucyTaH y JIaMUHH ITponpuju pesa DSS-om Tpetnpannx
BALBc MumieBa ko1 Kojux je ciIy3HHUIIA IipeBa crioHTaHo pereHepucana (I'paduxon 11).

Treg numdonuTu uMajy BaxHy yJory y cynpecuju uHduamaiuje u pereHepanuju omrehene
ciry3HHIe 1upesa. Treg cynpumupajy aktuBanujy u epexkropcke ¢pyHkuuje hemrja oaroBopHuX
3a omreheme ciry3HuIle npesa y y konutucy (makpodaru, DCs, T u B henwmje) (216). V3 To,
Treg urpajy riaaBHy yjnory y oAp»KaBamkby MMYHCKE XOMEOCTa3€ W TOJIEPAHLU)E y LpeBHMa
(216). Hemnenuja Treg numdoruTa je pesynTupalia 3HAYajHUM IOTOPIIAKEM OO0JIeCTH
MaHU(ECTOBAaHUM OOWMIHHM, KpPBaBHUM CTOJMLAMa, mopactoM DAI M XHCTOIOLIKOT cKopa
(I'pacdukon 12a,0,B).

Treg numdonutu nmocpeactsom T-bet TpaHCKpUTIIHOHOT (PaKTOpa MOTEHIUPA]y TPOAYKIH]Y
TIGIT uaxuburopHor Monekyna koju noactuue npoaykuujy IL-10 u uaxubupa crBapame IL-
12 y DCs, mTo MHAyKyje HacTaHak TOJEpOoreHor ()eHOTUNa y OBUM henujama W BOIH Y
CEJIEKTUBHY MHXMOWIIN]y akTUBHpaHuX, nHpmamanujckux Thl hemuja (217, 218). V3 10, Treg
henmnje mpoayknujom uMmyHocynpecuBHux nutokuHa (IL-10, TGF-B) mMory m ma nupexkTHO
CYNPUMUPA]jy aKTUBaljy u npoiudepannjy epexropckux T u B numdonura (219, 220).

3a ekcnan3ujy Treg numdormra moce6Ho je BaxkaH eHzuM IDO umjom aktuBnomhy DCs
nojlapu3yjy HawBHe T nmuMQonuTa Ka WUMYHOCYNPECHUBHHM Treg TUMQOLUUTHMA YHME Ce
Kperpa UMYHOCYIIPECHUBHA CpeIHA Y HH(IAMUPAHOM TKUBY U O/Ip>KaBa UMYHCKa TOJIEpaHIja
(141 ,142). DCs, aktuBHomihy IDO-a, cTBapajy KMHYpEHHH, Kao MPOAYKT MeTabojn3ma
tpuntodana (135, 140, 142). KunypeHuH npoMoBHILIE €KCTIPECH]y TPAHCKPUTIITUOHOT (aKkTopa
FoxP3 (Forkhead box P3, FoxP3) xoju ompenesbyje HauBHe CD4+ T numdouute ka
umyHocynpecuBHIM CD4+FoxP3+Treg mumdponmruma (135, 140, 142).
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Meglar n capangHuIM Cy YOUWJIM Pa3lIMKy Yy CTeNeHy pa3BuUTKa Oonectu u3mely nBa coja
mumieBa (2). Haume, onu cy xox coja C57BL/6 younnu na ce pa3Buja Texu o0IMK Ooectr
KOJH HAJIMKYje XpOHUYHO] (hopmu, 10K Ko muiieBa coja BALBc ce HakoH uckipyurnBama DSS-
a CUMIITOMM OOJIECTH CIIOHTaHO NoBjauye. Tok OoyiecTH je y NMpBUX IET JaHa cilu4daH, npahex
IyOMTKOM TEXHHE, TUjapejoM M PEKTaTHUM KpBapemeM, C TUM Ja Ce KOJ MHILIEBa coja
C57BL/6 mnakoH meTor naHa OBaj TPEHJ HacTaBHO 10K kox BALBc wmumieBa HakoH
HCcKJbyunBama DSS-a je monuio 10 CroHTaHE pereHepaiuje CIy3HHIIE 1PeBa W MOBJIAYCHA
cumnroma (I'papukon 1a,0, 2a,0). OBu pe3ynraTH cy mokaszaiau aa mumeBu coja C57BL/6
pasBujajy xponuuny ¢opmy DSS komurtuca nox kox DSS-om tpetnmpanux BALBc mwumeBa
JoJla3d 70 CIOHTaHe pereHepanyje ciry3nune mpesa (2). 36or tora, DSS-om tpetupanu
C57BL/6 mumieBn npeacTaBibajy MOJIET 3a XpOHWYHH, NMPOTPECUBHHU KOTUTHC JO0K DSS-om
Tpetupanu BALBc muieBn cy morofHu 3a aHalu3y pereHepaiuje obosene ciay3Huue (2).
Pesynratu oBe cTyaMje yka3yjy Aa pa3iMuyuTa akTuBanyja curiaiator nmyta IDO1/Kunypenun
UMa BakaH YTHIlQ] Ha pa3Boj cojHUX paznuka udmely C57BL/6 m BALBc mumesa y DSS
KOJIUTHUCY.

Haxon 5. mana Mojena, Ko >KMBOTHEA 00a coja yOueHHU Cy Aujapeja, KpBaBe CTOJUIE U
ryoutak TtenecHe mace (I'paduxon 1a,06). Hakon 12. mana ycraHoBJbE€HA je€ CTATUCTHYU
3HaYajHa pa3livKa y KIMHUIKOM CKOpPY, TyOUTKY TeJIeCHE Mace U XUCTOJIOIKOM CKOPY Y KOPUCT
C57BL/6 mumeBa (I'paduxon 2a,0). OBu pe3ynratu npaheHu cy paziukama y CEpyMCKO]
KOHIICHTpaIU]jH KHHYpPEHHUHA. bananc nsmehy npouHQIaMaIjUCKIX u
aHTUUH(IAMAIUJUCKUX [MTOKUHA JETEPMMHUIIE MPOTecHjy U MaHu(ecTauuje yiauepo3HOr
KOJIUTHCA KOje MOry Mhu y mpaBily pa3suTKa XpoHHUIUTETa Oonectu wim pemucuju (221). Y
cepymy C57BL/6 wmumieBa u3MepeHe Cy 3HATHO HW)KE KOHIICHTpaIlMje KUHYpPCHHHA U
uMyHocymnpecuBHor nutokuHa IL-10, a Behe koHueHTpanyje nHpIaMaIrjcKkux uTokuHa [L-
1B u IL-12 y nopehewy ca mumesuma BALB/c coja (I'padukon 6). Y3 HUKY KOHLEHTpALHU]y
KUHYpEHHHA Y CepyMy, CTATUCTHYKU 3HadajHO je 6uo Behu Opoj nnpraamanujckux DCs koje
npoaykyjy IL-12 u IL-1P, curandukantHo Behu 6poj undnamarmjckux Thl u Th17 henuja u
CTAaTUCTUYKU 3HAYajHO Mame€ MPHUCYCTBO MMYHOCYNPECUBHUX Treg numdouuTa y LpeBHUMa
DSS-om tperupanux C57BL/6 mumea (I'padukon 5, 10a-n). Craructuuku 3HayajHo Beha
KOHIIEHTpauuja kuHypeHuHa y cepymy(I'padukon 5) u cnenctBeno Behu Opojy Treg
mampormra y npesuma DSS-om tpetupannx BALBc mummeBa je npaTtuia roToBO HEHapymieHa
apXUTEKTOHMKA CIIy3HMIIE enuTesa IpaheHa MHHHUMAJHUM JIEYKOLIMTHUM WHQHITPATOM

(Cnuka 2).
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Excnepumentuma y kojuma cy gemierupane DCs umnmu Treg y DSS-om Tpernpanum
MUUIICBUMA, OJHOCHO EKCIIEPUMEHTHMa TOKOM Kojux cy TpaHcdepoBane DC y kojuma je
npeTxoaHo Owuna cynpumupana IDO aktuBHOCT, mokazaHo je ga DCs axTtuBHOIIhy
IDO/kuHYpeHUH CUTHAIHOT IyTa UHAYKY]Y pa3Boj Treg nuMdornura Koju 3aTUM CyNpUMHpPajy
MMYHCKH OJTOBOD, Cy30ujajy nH(pIamanujy u yop3aBajy pereHepaluunjy 1 ornopaBak CIy3HHUIIE
peBa.

[To3Hato je 1a KHHYpEeHHUH Kao U APYTHd METa0OJnUTH KaTaboau3Ma Tpunrodana moj 1¢jCTBOM
IDO-a (3-HAA, KYNA, QA u 3-HK) nupexktHo nuxubupajy nponudepannjy aktupupanux T
u B mumdpornmra mrTo cmyraBa credeHM uUMyHCKH oaroopa (137-139). Ha amonrosy
uHaykoBany IDO/KMHYpEeHHHCKHM ITyTeM TOoceOHO Ccy oceTspuBH WHGuamarujckun Thl
mumporuti Kunypenun yBoam y amonto3y Thl nmumdonure aktuBupajyhu kacmasy-8 u
uHAyKyjyhu ocno6ahame nutoxpoma C u3 mutoxonapuja (140).

ITopen aupexTHOr UMyHOCyIpecuBHOI edekra Ha akTuBHpaHe T henuje, IDO yuecTtByje u 'y
UHTpahennjcKoj CUTHATMHM3AMjU KajJa OAp)KaBa PEryialudjcKu (eHOTHUN IIa3MOLUTOUIHUX
DCs (pDCs) (145). Ose henuje cy ouran uzBop IFN-tum 1, xoju cy CIOCOOHH Ja MOKPEHY
eKcrpecHjy TeHa 3a npoaykiujy IDO-a mro kao nocneauity uMa ekcnausujy Treg numdorura
(145). OBaj mporec je nenom perynucan aktuBanujom AhR (Aryl hydrocarbon Peceptor) (133,
146). Hakon o IDO nennerupa tpuntodan, MeTabOIUTH KHHYPEHUHCKOT ITyTa CE MOHAIAjy
kao nuranan 3a AhR mro 1oBoau 10 merose TpaHciokamuje y jenpo. Y jenpy AhR uamykyje
TPAHCKPUIIIIN]y IMbaHux reHa Mmely kojuma je m FoxP3 uymme ce mHmyKyje HacTaHak W

excransuja FoxP3+Treg numdonura (133, 146, 147).

5.2. KoHueHTpauuja KHHYPEHUHA y cepymy, (penecy M CyJIKYyCHOj TEYHOCTH:
MOTEHIUjAJTHO HOB MPOTHOCTHYKHU MapaMeTap Koja 000J1eJIUX 0]1

YJILEPO3HOT KOJIUTHCA

5.2.1. OgpehuBame KOHIEHTpPaNMje KUHYPEHUHA y cepymy U denecy Moke
NMPeACTAB/LATH HOB METO/I 32 OCTAB/bam-€ JUjarHo3e U npaheme nporpecuje
YJILE€PO3HOT KOJUTHCA
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Jla 6u ce mpoBepuia peJIeBaHTHOCT JOOMjEHHX pe3ylTaTa y MHIIUjeM MoJely OoJecTu 3a
XyMaHH YJIIEPO3HU KOJIHUTHUC, aHATH3UPaHE CY KOHIICHTpPAIlMje KHHYPEHHHA y CepyMy | Qerecy
0001eIMX 01 YJIIIEPO3HOT KOJIUTHCA Y pa3iuuuTuM (pazama u oOauimMa 0oJIecTH Kao U KOJ
3JIpaBUX UCIUTAHUKA.

Cnuunau (EHOMEH je YOUCH y aHMMAJTHOM MOJIENy Kao U y Jbyau. CepyMcKe KOHIICHTpaIje
KHHYpEHHHA HETATHBHO Cy KOpEeIHpalie ca KIMHUYKAM CKOPOM, CEPYMCKUM KOHIICHTpaljama
CRP-a, nox cy KOHIIEHTpalldje KHHYpPeHHHA U3MEpPEHe y (erecy HEraTMBHO KOpelupaie ca
KJIMHUYKOM CIIMKOM M KOHIIeHTpauujama ¢exanHor kannporektuHa (I'padukon 288). OBakas
Hasa3 ykasyje Ha MoryhHoct npahema KOHIIEHTpallje CepyMCKOT U (hpeKaaTHOr KMHYpEeHUHA
Kao HOBOT, JOMYHCKOT AHMjarHOCTHYKOT Tapamerpa 3a mnpaheme YCIEIIHOCTH Tepanuje |
pereHeHepanuje CIy3HHIIE LPeBa KOJ O0O0JIETUX OJ YJIEPO3HOT KONHUTHCA. Y KIWHUYKO]
MIPaKcH, Mepeme (HEeKaTHOT KANMPOTEKTHHA je Haj0oJbH HEeMHBAa3UBHU MapameTtap 3a npaheme
YCIIELIHOCTH Teparnuje Kao 1 3a MpoLEeHy CTeNeHa pereHepannje Mmykose, Mmel)ytum HeyTBphena
jacHe pedepeHTHE Tauke u3Mel)y ropme 1 10me TpaHulie KOHIICHTPALKje He Aaje Ha YBUJL jJaCHY
CIIMKY CTarba M CTeneHa nHpIamaiyje y Koony (222, 223).

Hakon cycpera ca MuKpoopraHu3MuMa Koju Cy MHBaAupanu omreheny ciy3auiy npesa, DCs
ce akTuBHMpajy W cuHTeTHiny uHpnamanujcke uutokuHe (IL-1B u IL-12) yume HacTaje
XpOHUYHHM KoJHUTHC y MuIIeBa coja C57BL/6. Ca npyre ctpane, DSS-om u LPS-om akTuBHpaHe
DCs BALBc mumeBa TOMHHAaHTHO TPOAYKYjy uMyHocynpecuBHe IL-10 U KUHypeHUH dyume
HWHIYKY]y ekcran3ujy Treg nmumdorura mTo je A0BENO A0 pereHepairje o0oene Ciay3HUIe
upesa. OBaj eHOMEH je youeH M KO/ MalujeHaTa 000JeNnX o1 yILEpOo3HOT KOJUTHCA, TAe Cy
Behe KOHILIeHTpalije KUHypEeHHHA U3MepeHe y cepyMy U (eliecy nanujeHara Koju cy y ¢asu
pemucuje 00JeCTH M KO KOjUX je Ouiia eBUASHTHA 1 Beha KOHIIEHTpaIja UMYHOCYIPECUBHOT
IL-10 (I'padukon 30a,0), a 3HayajHOo Cy OwWiie HIWKE CEPYMCKE KOHIICHTpAIH]e
vH(pIaAMAIH]CKUX IUTOKKHA.

VY3 10, mocTOjana je CTaTHCTUYKHM 3HayajHa, CpPelbe jaka HeraTMBHA Kopenanuja usMely
CepyMCKe KOHIIEHTpaIlje KHHypenHa U KIMHUIKor ckopa (I'padukon 24). ¥V ckimaxy ca tum,
Behe KoHIIeHTpaIije KHHYpEerHa y CepyMy U3MEPEHE Cy Y 00€e rpyre 0001eHnX 01 YAIEePO3HOT
KoJuTHUCca y nopehemwy ca 3apaBum ucnutanuuma (I'paduxon 22).

Ny penecuma obonenux oJ] yarepo3HOr KOJUTHCA YOUeHE ce 3HayajHO Behe KOHILIEHTpaIuje
KHHYpEHHHA HETO KO/ 3ApaBUX UCITUTAHUKA. Y TPYNH 000JIEIHX ca CIOHTAHOM PEreHepaInjoM
CITy3HHIIE IIpeBa U3MEPEHE Cy 3Ha4yajHO Behe KOHIIEHTpalldje KHHYpeHHHA y (erecy Hero y
Tpynu ca XPOHHUYHUM Mep3ucTeHTHUM obOmukoM Oonectu (I'padukxon 27). Takohe, Behe
KOHIICHTpallje KUHypeHnHa npaheHe cy 3HauajHO MambuM KoHueHTpauujama IL-17, TNF-a,
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¢exannor kammporektuHa kao u CXCL11 y denecy (I'paduxon 28a-r), a Behum
KOHIIEHTpanrjama umyHocynpepcuBHor IL-10 y cepymuma u derecuma obonenux (I'padukon
30a,0). [ToBehame kOHIIEHTpaIMje KUHYpEeHHHA Y cepyMuMa U (erecruma mpatyd noBehame
6poja umyHocymnpecuBHux CD4+FoxP3+, CD4+IL-10+ Treg numdonura, CDS6+IL-10+ NK
henuja u cmamemwe Opoja napramanujckux CD4+ IFN-y+ T u CD56+IL-17+ NK henuja y
JAMHWHH TIPOTPHjH IPEeBa 000JEINX Ca YIIIEPO3HUM KOJIUTHCOM KOJU CY Y PEMUCHjH O0ecTH
(I'paduxon 31la-h)). OBu pe3ynratu ykasyjy Z1a y3 BPEIHOCT (EKaTHOT KaJMpOTEKTHHA,
KOHILIEHTpanuja (eKaTHOr KUHYpEHHHAa MOXKE NPEICTAaBIbATH JOMYHCKH HjarHOCTHYKOT

napameTap 3a npaheme yCrenHocTH Teparnuje 1 000JIeNuX 01 yIIepo3HOT KOJIUTHUCA.

5.2.2. OnpehuBame KOHUEHTpalUje KHHYPEHHMHA Yy CYJKYCHOj TEYHOCTH
MO3Ke IPEeACTAB/LATH HOB METOJ 3a NOCTaB/bale AUjarHo3e M npaheme
nporpecuje yJauepo3Hor KoJIuTuca

AxrtuBanuja IDO/KuHypeHUH CUTHAITHOT 1yTa cMamyje HH(IamManujy u'y ycHoj nymseu (164-
169). IDO nponykyjy ruHruBansu ¢pudpoodnact, MmeseHxumainHe maruyae henuje runruse (G-
MSCs), me3eaxumanie matuune hemuje 3yoHe mynmne (DP-MSCs), Me3eHXuMaHe MaTHYHE
hemuje nepuogontanuor muramenta (PDL-MSCs) kao u DCs koje cy uHGUATpHUCaHE TKUBO
opannux ae3uja (170). Maruune henuje uzonosane u3 nepuanukaniux jgesuja (PL-MSCs) cy
cniocoOHe 11a, nmocpeactsoM IDO-a, renepuiny toneporenu ¢enorun DCs koje, 3atum, 3001
CMameHe aJIOCTUMYJIALN]CKE aKTUBHOCTH HHAYKY]y aHeprujy epexkropckux Thl mumdponnra n
eKCMaH31jy uMmyHocyrnpecuBHux Treg (168).

CynkycHa TEYHOCT je CepyMCKH TpaHCyJaT M30JI0BaH M3 CyJKyca 3y0a koju 3aBpelyje cBe
BUILIE MaXKHE MCTPAXWBada Kao MOTyhW AMjarHOCTHYKM mapaMmeTrap Kako JIOKATHHX TaKo U
CUTEMCKUX 000Jbema (224). Y cylKyCHOj TEUHOCTH Cy JIETEKTaOWIHM €H3UMH, MEIUjaTopu
uH}IaMaIyje ma NpeicTaBiba JIAaKO JOCTYNAaH W HEWHBA3WBaH TMOMONHU JHjarHOCTUYKH
napamerap (225).

VY ckiany ca pesyiataruMa A0OMjEeHMM U3 cepyMma M (eleca, KOHLEHTpaIHje KUHypEeHHHa
U3MEpPEHOT y CYJKYCHO] TEYHOCTH Cy OuWje CTaTUCTHYKU 3HadajHO Behe Koj 3apaBux
WCIIUTaHWKA Y OJHOCY Ha MaIHjeHTe 00oJere oy yiepo3Hor komutuca (I'padukon 32). V3 To,
HIDKE KOHIICHTpalMje KUHypeHWHa Owmne cy mnpahene Behum KoHIEHTparyjama

nHGIaMaMjCKUX LUTOKMHA Yy CYJKyCHMM TEYHOCTMMAa HWCHHOTaHMKa, YyKasyjyhu na
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onpehuBame KOHIICHTpaIHje KHHYPEHHHA Y CYJIKYCHO] TEYHOCTH MOXKE IpEICTaB/baTH HOB

METOJI 32 MOCTaBJbabe NUjarHose u npaheme mporpecuje yaepo3HOr KOJIUTHCA.

5.3. Yruuaj IDO/kuHypeHHH CUTHAJHOT IyTa Ha Tepanujcke epekre MSCs

y MOAYJIAUMjH KOJUTHCA HHAYKOBaHOT DSS-om

bpojHe ekcnepuMeHTaIHEe U KIMHHYKE CTyIHje Cy MOKasaie Ja Tepanujcka npumeHa MSCs
MOJKE J1a CynpuMHpa HHGIIaMaIyjy y LpeBUMa U Ja IpeBeHupa nporpecujy koauruca (171).
Y3 To, 300T CBOT MOTEHITHjaJIa 1a ce nudeperTtyjy y henuje Hanuk enurenauM henvjama mpesa
in vitro 1 1a MHAYKY]y HEOaHTHOTeHE3y, cMaTpa ce Aa npuMeHa MSCs Moxe 1a yThude 1 Ha
Opxy perenepanujy omrehene ciysnuie mpesa(172).

V3 DCs, MSCs npencrasibajy rinaBau henujcku u3Bop IDO-a kojum noactudy ekcrnanzujy T
perynatopaux henmja yruuyhu Ha cTBapame UMYHOCYNPECHBHE CpeluHE Y WH(IaMUPaHUM
tkuBuMa (3). Kopucrehu pasznuky y nporpecuju DSS konutnca nzmely mumesa coja C57BL/6
n BALBc, aHanu3upan je yTuiaj KHHypeHHHA U UMYHOCYIIPECHUBHE CPEAMHE 3a TEpaIHjcKe
epexre MSCs.

Hakon umnTpanepuroneanne arumkanuje MSCs-a, kon mumeBa coja C57BL/6 momasu 1o
3HAYajHOT MOpacTa KOHIICHTpAIMje KHHYPEHUHA y CepyMy IITO je pe3yaTupano yoaakaBama
cumntoma komutuca (I'paduxon 44a, 45), cMmamema cepyMCKe KOWHIEHTpAIUje
unpnamanujckux menujaropa (TNF-a, IL-12, IL-1B) (I'paduxon 39), kao u nmpoMeHama y
Opojy mHbpmamamujckux mMakpodara, DCs u T mumdonura koju cy HHPHITpHCATE JTaMUHE
npomnpuje npesa odonenux mumeBa (I'padukon 40, 41).

MSCs IMpeKTHMM KOHTaKTOM Kao M TNPOAYKIMjOM CONXYOWJIHUX MeEAMjaTopa, yTUYy Ha
Murpanmjy, penorun u egexropcke pynukuje henuja umyHckor curema. MSCs cynpumupajy
nHpamanujcke M1 Makpodare 1 MpOMOBHIY HHUXOBY KOHBEP3Hjy y HMyHOCYTIpecuBHE M2
hemmje (179). Takohe, MSCs cynpumupajy caspeBarbe DCs U Memajy HUXOB IUTOKHHCKU
podui Tako MTO UUUHXUOUPA]y TPOoAYKIH]jy TpouHdpiamanujckux muTokuaa (IFN-y, IL-12)
(180).

IDO/kuHYpEeHNH CHUTHAJIHH MyT UMa Ba)KHY YJIOTY 32 MMYHJIOCYNIPECHBHE KapaKTEPHCTUKE
MSCs 1 3a BUXOB MOTEHITM]a 1a CynpuMupajy edekropcke T mumdonnra u MUTOTOKCHUYHE
NK hemuje (183, 184). Hakon ctumynanuje IFN-y, MSCs nponykyjy IDO, mpu uemy
naxubupajy T u B henmjcku oaroBop u MHXMOMpAjy UUTOTOKCUYHOCT, Mpoiudepaunujy u

npoxaykuujy nHmamanujckux nurokuHa y NK hemmjama (185-192). Beha aktuBaoct IDO-a
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CJIEICTBEHO TOPACT KOHIIGHTpAllMjeé KUHYPEHWHA Y CepyMy y3pokoBaia je Behe MmpucycTBo
umyHcoynpecuBHIX CD4+ FoxP3+IL-10 henuja y maMuHM iponipuju ipeBa 000JIeINX MHIIIEBA
(I'paduxon 42) mTo je pe3yaATHpAIO cMamkemke HHbIamalje 1 Op)Ky perenepaujy ooosesne
CITy3HHUIIC.

Konnenrpauuja nndnamanujckux uutokuna, nocedbHo IFN-y u TNF-a, ytuuy Ha mpomeny
¢denoruna u edpexropckux pynmnkuja MSCs. Yronuko Tpancmmantupane MSCs yhy y TKHBO y
WH(]IIaMHpaHO TKHBO Y KOjeM j€ BHCOKa KOHIICHTpaIlja OBUX WH(IAMIIMJCKUX ITUTOKWHA,
MSCs reHepuily HMMYHOCYNPECUBHU (EHOTHII W CTBapajy Behy KOHIIGHTpaIUjy
MMYHOCYIIPECUBHHUX MEHjaTopa KojuMa HHXHOUpajy epekTopcke QyHKIMje HHDIAMIIN]CKUX
hemuja m moBome mo pesonynuje mH(pIAMaMje W pereHepenavje odosenor Tkupa. Mmak,
CyNpOTHO, YKOJUKO ¢y MSCs TpaHCIUTaHTHpPAaHE Y UMYHOCYIIPECUBHY MUKPOCPEAHNHY, Y KOjOj
Cy KOHIICHTpanuje WHQIAMAIMjCKUX UTOKMHA BEOMa HHUCKE, YMECTO HMMYHOCYIPECHBHUX
uutokrHa, MSCs npoaykyjy uHguamalyjcke IUTOKMHE Kako 01 op:kaje xomeocrasy (3).

VY cknany ca OBUM YHMIbEHHUIIAMA, CYNPOTHO oJ1 ehekara koje cy MSCs umaine y Moaynanuju
KOJIUTHCA MHIIIEBA HCTOT coja, ko DSS-om Tperupannx BALBc mumeBa ko Kojux cy Owiie
Behe BpemHocTH wWMyHOCynpecwuBHOr KkuHypennHa u IL-10, a wame BpemHOCTH
WH}IaMaI]CKUX I[OMTOKMHA, HaKOH mpuMeHe MSCs monuio je 10 3Ha4ajHOT MOTropIlamka
KIMHUYKE CIIMKE, 3HAa4ajHO CMameHOr Opoja alTepHATUBHO aKTUBHUPAHUX Makpodara,
toneporeanx DCs u Treg, nok je 6poj napnamarujckux M1 makpodara, DCs, Thl u Th17
mum@oruta 6o 3Havajuo Behu y mopehemwy ca DSS-om tpernpanum BALBc mumesnma

Kojuma Hucy 6une arunkoBaHe MSCs (I'paduxon 48-53).
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6. SAK/bYYAK

Beha aktuBHOCT MHmonamuH 2,3 neokcurenaze (IDO) u, mocneamuno, Beha koHIEHTpanuja
KHHYpEHHUHA 3HAa4ajHO peyKyjy omTeheme Ciay3HUIle KOJIOHA IITO pe3yJThpa yoIakaBameM
CUMTOMa YJIIEPO3HOT KoiuTHca. KOHIIeHTpalnja KWHYPEHHHA Y CYJIKYCHO] TEUHOCTH, (erecy
U CepyMy TMO3UTHUBHO KOpEJIHpa Ca HUKUM KIMHUYKAM CKOpPOM TMalMjeHaTa U MOXE ce
KOPHCTHUTH Kao mapamMeTap 3a npaheme yCrenmHoCTH Teparije ¥ MOHUTOPHHT OOJIECTH.

DCs u MSCs, kao HajBaxxHUjU 11eyapHu u3Bopu [IDO-a, mpoayKIjoM KHHYpEHUHA Y3POKY]Y
excriansujy T perynatopHux hemuja u cynpumupajy mnpoiudepanujy W aKTUBALU]Y
uHpnamanujckux T auMdoryra mro pe3yaTupa cMambemheM HH(IaMalje y KOJIOHY U Op:koM
pereHepenrjoM 00oJiese CIy3HHUIIE.

DCs BALBc mumieBa umajy 3Ha4ajHo Behy aktuBHocT IDO-a y mopehewy ca DCs C57BL/6
MuieBa. 300r Tora je KOHIEHTpauuja MH(pIaAMalMjCKUX [UTOKMHA M HpOrpecuja KOJIUTUCa
Ouia 3Ha4ajHO M3TAXKEHM]ja y IipeBuMa obonenux C57BL/6 mumesa, y nopehemy ca MuieBoma
BALBc coja.

Kana ce MSCs TpaHCIIaHTHPa]y Y IMYHOCYTIIPECUBHY CPEIIMHY, OHE JOMHHAHTHO MPOAYKY]Y
nH}IIaMaIH]jCKe IIMTOKUHE, IOK CEKPETYjy HMYHOCYIIPECUBHE IIMTOKMHE HAKOH yJIacKa Y THBA
y KOjUMa je BHCOKa KOHIIGHTpaluja MH(IaMaIMjCKUX IIUTOKMHA. 300T Tora je cucTreMcka
arumkanja MSCs mumeBuma coja CS7BL/6 pesynrmpana cMamemeM KOJHTHCA, JIOK je
tpanciutadTamja MSCs mumeBuma coja BALBc noBena no moropmama DSS-ungykoBaHor

KOJIMTHUCA.
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3akJbydKe CMO M3BEJM Ha OCHOBY cliefiehux pesynrara:

1. Henapurcke henmuje mumena coja BALBc umajy Behu xamanmrer mpomykumje IDO-a,
HacrpaMm JeHIpuTcKuX henuja xuBoTuma coja C57BL/6. 300r Tora je yodueH 3HauajHO Behu
O6poj umyHocynpecuBHuX FoxP3+ T perynaropuux henwja u 3HauajHO Mamu Opoj
nHpmamarjckux Thl u Th17 hemuja y namuan npornpuju npesa BALBc mumesa mTo je
JIOBEJIO JI0 BbUXOBOT Oprker onopaBka o1 DSS-komutrca y nopehemy ca C5S7BL/6 mumeBuma.
2. Nuxubummja IDO-a kao u gemnenuja DCs u Treg henuja, y3pokoBana je 3HadajHO
noropuame konutuca y BALBc Mumesuma.

3. AnonrtuBHu Tpanchep DCs y3pokoBao je 3HauajaH mopacT KOHIEHTpaIje KUHypEeHHHA Yy
cepyMmy 000JIeNHX KUBOTHIHA, IIITO j€ TOBEJIO 10 €KCIIaH3Mje UMyHOCYTNIpecuBHUX Treg henmja
u Opoxer onopaska oa DSS-konutuca.

4. Behe xoHILIeHTpalije KHHYPEHUHA CY U3MEPEHE y CYJIKYCHOj TEYHOCTH 3]JpaBUX MallljeHaTa
Hacrmpam obornenux. Buiie cepymMmcke u (hekaiiHe KOHIIEHTpallKje KHHYPEHIHA CY H3MEPEHE KOJT
naryjeHaTa 000JIeINX O] yIIIIEPO3HOT KOJIMTHCA KOjH CY Y (ha3u pemMucHje O0IeCTH 1 KO KOjUX
j€ youeHa pereHepaiirja CIIy3HHIIC I[peBa.

5. Behe koHIeHTpalMje KMHYpEHHUHA YAPY>KEHE Cy ca HWKUM KIMHUYKHUM M XUCTOJIOIIKUM
ckopoM U Behum Opojem mmyHocynpecuBHHX Treg henmja y naMuHU NMPONpPHUjU TALKjeHTA
000JIeNX 0J1 YIIIEPO3HOT KOJINTHCA.

6. Cucremcka ammukanmnja MSCs wmumeBuma coja CS57BL/6  y3pokoBana je Behy
KOHIIEHTpallMje KHHypeHnuHa y cepymy u Behu Opoj FoxP3+Treg henuja y namunu nponpuju
ITO je I0BEJO J0 CMamkemha HH(IaMaIije 1 Opike pereHepaiuje CIIry3HHIe I[peBa.

7. Cucremcka ammmukanuja MSCs mumeBuma coja BALBc y3pokyje 3HaTHO moropiame DSS-
KOJIUTHCA KOje je TpaheHO CMamemeM KOHIICHpAIlMje KUHYPEHHHA Y CEPYMY M CMambCHEM

opoja FoxP3+Treg henuja y naMuHu mponpuju pesa
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Indoleamine 2,3-dioxygenase-dependent
expansion of T-regulatory cells maintains
mucosal healing in ulcerative colitis

Aleksandar Acovic, Bojana Simovic Markovic, Marina Gazdic, Aleksandar Arsenijevic,
Nemanja Jovicic, Nevena Gajovic, Marina Jovanovic, Natasa Zdravkovic, Tatjana Kanjevac,
C. Randall Harrell, Crissy Fellabaum, Zana Dolicanin, Valentin Djonov, Nebojsa Arsenijevic,
Miodrag L. Lukic and Vladislav Volarevic

Abstract

Background: Dendritic cell (DCJ]-derived indolamine 2,3-dioxygenase (IDO) degrades
tryptophan to kynurenine, which promotes conversion of inflammatory T cells in
immunosuppressive regulatory T cells (Tregs). We analyzed the significance of the IDO:Treg
axis for inducing and maintaining mucosal healing in ulcerative colitis (UC).

Methods: Dextran sodium sulphate (DSS)-induced colitis in BALB/c mice (model for mucosal
healing) and C57BL/6 mice (model for persistent disease) was used. Serum, fecal samples
and colon-infiltrating immune cells of 65 patients with UC with mucosal healing or persistent
colitis were analyzed.

Results: Significantly higher serum levels of kynurenine and downregulated inflammatory
cytokines were noticed in DSS-treated BALB/c mice compared with C57BL/6 mice. Increased
IDO activity and attenuated capacity for antigen presentation and production of inflammatory
cytokines, observed in BALB/c DCs, was followed by a significantly lower number of
inflammatory T helper 1 (Th1) and Th17 cells and a notably increased number of Tregs in

the colons of DSS-treated BALB/c mice. DCs and Tregs were crucially important for the
maintenance of mucosal healing since their depletion aggravated colitis. Mucosal healing,
followed by an increase in kynurenine and intestinal Tregs, was re-established when BALB/c
DCs were transferred into DC-depleted or Treg-depleted DSS-treated BALB/c mice. This
phenomenon was completely abrogated by the IDO inhibitor. Significantly higher serum and
fecal levels of kynurenine, accompanied by an increased presence of intestinal Tregs, were
noticed in patients with UC with mucosal healing and negatively correlated with disease
severity, fecal calprotectin, colon-infiltrating interferon y and interleukin-17-producing cells,
serum and fecal levels of inflammatory cytokines.

Conclusion: IDO-dependent expansion of endogenous Tregs should be further explored as a
new approach for the induction and maintenance of mucosal healing in patients with UC.

Keywords: indolamine 2,3-dioxygenase, kynurenine, mucosal healing, T-regulatory cells,
ulcerative colitis

Received: 31 January 2018; accepted in revised form: 21 June 2018.

Introduction

Ulcerative colitis (UC) is a chronic, idiopathic
and relapsing inflammatory disease of the gut lim-
ited to the mucosal layer of the colon and

rectum.! Accordingly, mucosal healing, defined
as the absence of friability, blood, erosions and
ulcers in all visualized segments of the gut
mucosa,? represents the ultimate therapeutic goal
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for the treatment of patients with UC3 while the
failure of mucosal healing is a major predictor of
clinical recurrence.*

Currently, endoscopy is the best diagnostic
approach to monitor mucosal status of patients
with UC, but it should not be frequently per-
formed because of the invasiveness and potential
risk of disease exacerbation.> Additionally, one of
the main clinical aims in UC treatment is contin-
uous maintenance of mucosal healing in patients
with UC.® Nowadays, mucosal healing can be
maintained for 12 months with continued appli-
cation of immunosuppressive drugs and biologi-
cal agents, but aggravation of colon inflammation
is inevitable when treatment stops.3 Accordingly,
new noninvasive markers and therapeutic
approaches for monitoring and maintaining
mucosal healing in patients with UC should be
defined.

The importance of tryptophan and its metabolites
for the progression of UC has been recently indi-
cated by Nikolaus and colleagues’” who noticed
significantly lower serum levels of tryptophan in
patients with UC than in healthy controls. Several
recently published animal studies showed that
administration of tryptophan or its metabolites
led to the attenuation of experimental colitis,
whereas removing tryptophan from the diet
increases susceptibility to colitis.8-10 In the inflam-
matory microenvironment of the gut, the
kynurenin pathway comprises most of tryptophan
metabolism.!! In the presence of inflammatory
cytokines, intestinal dendritic cells (DCs) pro-
duce indolamine 2,3-dioxygenase (IDQO), a heme-
containing enzyme that degrades tryptophan to
kynurenine.!? Gut DCs, in an IDO-dependent
manner, promote the conversion of inflammatory
T cells into immunosuppressive regulatory T cells
(Tregs), enabling induction of immune tolerance
in the gut.!2

Dextran sodium sulphate (DSS)-induced colitis
has been mostly used to elucidate the molecular
and cellular pathways involved in the pathogene-
sis of UC and for the evaluation of new diagnostic
and therapeutic approaches for UC treatment.!3
Interestingly, as it was recently demonstrated by
Melgar and colleagues,!* DSS induces a different
degree of colon injury and inflammation when
applied to C57BL/6 and BALB/c mice. The acute
disease in C57BL/6 mice progresses to a severe,
chronic colitis, while acute DSS-induced colitis in

BALB/c mice is self limited and starts to resolve
immediately after DSS removal.!%!5 It is sup-
posed that strain-dependent differences in resolu-
tion of DSS-induced inflammation reflect the
ability of these strains to mount different healing
mechanisms.!® Accordingly, the acute model of
DSS-induced colitis in BALB/c mice is useful to
study normal mucosal healing while that for DSS-
injured C57BL/6 mice offers a promising animal
model for the evaluation of pathological inflam-
matory changes observed in patients with chronic
progressive UC.14

Here, we provide the first evidence that higher
IDO activity in BALB/c DCs and the consequent
IDO-dependent increase in the total number of
colon-infiltrating Tregs are responsible for
mucosal healing in DSS-treated BALB/c mice.
Similarly, we observed higher serum and fecal
levels of kynurenine and an increased presence of
colon-infiltrating Tregs in patients with UC and
mucosal healing. In contrast, patients with UC
that is progressive had lower serum and fecal lev-
els of kynurenine and a reduced number of gut
infiltrated Tregs. Taken together, this experimen-
tal and clinical data suggest the importance of the
IDO:Tregs axis for resolution of colon inflamma-
tion and strongly indicate the possible diagnostic
and therapeutic potential of kynurenine for
achieving and maintaining mucosal healing in
patients with UC.

Material and methods

Study population

This study recruited a total of 65 patients with UC
(38 male and 27 female) with a median age of
50 years (range 23-79). Additionally, 20 healthy
subjects (11 male and 9 female) with a median age
of 48 years (range 25-75), whose checkups were
finished at the Clinical Center of Kragujevac as a
routine item, were randomly chosen to represent
the general population as healthy controls. Patients
with UC were classified into two groups: mucosal
healing (19 male and 20 female patients with a
median age of 50 years) and chronic persistent
disease (19 male and 7 female patients with a
median age of 50 years) (Table 1). In each indi-
vidual case, the diagnosis and assessment of the
severity of UC was confirmed by the Mayo endo-
scopic subscore, histological and clinical scores
and by measurement of C-reactive protein (CRP)
and fecal calprotectin.?17-20 All endoscopies were
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Table 1. Demographic and clinical characteristics of patients with UC.

Characteristic Mucosal healing Chronic persistent disease

Number of patients, N = 65 (%) 39 (60%) 26 (40%)
Sex (male/female), N 19/20 19/7

Age, median (range) 50.28 (23-71) 50.12 (26-79)
Disease location, N 10/23/6 1/14/11
Proctitis/left sided distal UC/pancolitis

Hb, median (IQR) 134 (8) 109 (19)
Fe, median (IQR) 14.5(6.10) 7.15 (5.53]
Ferritin, median (IQR) 239 (109) 44.5 (74.25)
Platelets, median (IQR) 392 (110) 480 (121.5)
UIBC, median (IQR) 44(13) 32(19)
TIBC, median (IQR) 52 (12) 56 (13.25)
C4, median (IQR) 0.21(0.18) 0.35(0.31)
C3, median (IQR) 1.3(0.39) 1.75 (1.02)
CEA, median (IQR) 1.8 (1.95) 3.75 (2.54)
CA 19-9, median (IQR) 2.9 (2.4) 12.15 (16.50)

Fe, iron; Hb, hemoglobin; IQR, interquartile range; UC, ulcerative colitis; TIBC, transferrin and iron binding capacity; UIBC,

unsaturated iron binding capacity.

performed by the same experienced endoscopist
(NZ) and disease severity was independently
determined by two gastroenterologists (M] and
NZ). Mucosal healing was defined when Mayo
endoscopic subscore had been transitioned from a
Mayo grade 2 or 3 to a Mayo grade 0 or 1, while
chronic persistent disease was defined when the
Mayo endoscopic subscore was 2 or 3.3 The clini-
cal score was determined by using the Truelove
and Witts clinical activity index.!8 The histological
score was determined by using Geboes grade.!®
Patients with previously diagnosed colorectal can-
cer, as well as patients with Crohn’s disease, were
excluded from the study. The study was con-
ducted at the Center for Gastroenterology,
Clinical Center of Kragujevac and Center for
Molecular Medicine and Stem Cell Research,
Faculty of Medical Sciences, University of
Kragujevac, Serbia and was approved by the
Ethics Committees of these institutions. The
Principle of Good Clinical Practice and the
Declaration of Helsinki were adhered to at all
times. All patients gave their informed consent for

blood and tissue analysis. Patients were under
continuous medical supervision at the Clinical
Center of Kragujevac.

Measurements of IDO activity, concentration of
cytokines, fecal calprotectin and CRP levels in
serum and fecal samples of patients with UC

and healthy controls

Blood and fecal samples were prepared as previ-
ously described.?! The serums and supernatant
fluids were collected and stored at —80°C until
they were measured by enzyme-linked immuno-
sorbent assay (ELISA). IDO activity was deter-
mined by spectrophotometric assay for kynurenine
in the serum and fecal samples of patients with
UC and healthy controls.?2 Tumor necrosis factor
(TNF)-a, interleukin (IL)-10, CXCL11 and
IL-17, fecal calprotectin and CRP were measured
in serum and fecal samples of patients with UC
and healthy subjects by using commercially avail-
able ELISA tests, according to the manufactur-
er’s instructions.!”
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Flow cytometry analysis of colon-infiltrating

cells in patients with UC

The phenotype of colon-infiltrating cells was
determined by flow cytometry. Immune cells
were isolated from the colons of patients with
UC, as previously described.??> Biopsies were
washed three times in calcium-magnesium-free
Hank’s Balanced Salt Solution (HBSS, Sigma-
Aldrich, St Louis, MO, USA). The specimens
were incubated twice in calcium-magnesium-free
HBSS with 1 mm ethylenediamine tetraacetic
Acid (EDTA) for 10 min at 37°C under gentle
shaking to remove intestinal epithelial cells.
Specimens were washed with HBSS and incu-
bated for 20—30 min in 2 ml Dulbecco’s Modified
Eagle Medium (DMEM) (Lonza, Basel,
Switzerland) with 1 mg/ml collagenase type I
(336 U/ml) (Sigma-Aldrich), 0.1 mg/ml DNAse
(Sigma-Aldrich) and 1 mg/ml hyaluronidase
(Sigma-Aldrich) without fetal bovine serum
(FBS) at 37°C. Cells were washed twice with
phosphate-buffered saline (PBS) (Sigma-Aldrich)
and finally submitted to Ficoll density gradient
centrifugation for 20 min at 2000 rev/min
(~690 g, without brake). The interphase was
carefully removed and washed with PBS. Single-
cell suspensions of colon-infiltrating cells were
obtained and the cells were then washed twice
with a buffer assigned for flow cytometry contain-
ing 0.05% NaN3, 0.1% bovine serum albumin
(BSA), and 0.4% trisodium citrate dehydrate in
PBS. About 1 X 109 cells per sample were incu-
bated with antihuman CD4, CD56, IL-10, inter-
feron (IFN)-y and IL-17 antibodies conjugated
with fluorescein isothiocyanate (FITC; BD
Biosciences, Franklin Lakes, NJ, USA), phyco-
erythrin (PE; BD Biosciences), peridinin chloro-
phyll A protein (PerCP; BD Biosciences) or
allophycocyanin (APC; BD Biosciences). For the
intracellular staining, cells were previously stimu-
lated with phorbol myristate acetate (PMA) and
ionomycin for 4 h at 37°C with the addition of
1 ug/ml Golgi plug. Intracellular staining for
Foxp3 was performed using the BD Bioscience
fixation/permeabilization buffer kit. Flow cyto-
metric analysis was conducted on a BD
Biosciences FACSCalibur and analyzed by using
the Flowing software analysis program.

Animals

For animal studies, 6—8-week-old male C57BL/6
and BALB/c mice were used. Mice were main-
tained in animal facilities of the Faculty of Medical

Sciences, University of Kragujevac, Serbia. All ani-
mals received humane care and all experiments
were approved by and conducted in accordance
with the Guidelines of the Animal Ethics Committee
of the Faculty of Medical Sciences, University of
Kragujevac, Serbia. Mice were housed in a temper-
ature-controlled environment with a 12 h light—
dark cycle and were administered standard
laboratory chow and DSS or water ad hbitum.

Induction of experimental colitis

DSS (3%, molecular weight 40 kDa; TdB
Consultancy, Uppsala, Sweden) was given to
mice in place of normal drinking water for up to
5 days, followed by a recovery period of 7 days.24
Control mice had access to DSS-free water.

Evaluation of DSS-induced colitis

Disease Activity Index (DAI) was used to assess
the clinical signs of colitis.?> Body weight meas-
urements, analysis of stool consistency, and fecal
occult blood tests were performed daily.25

For histological analysis, colons were removed
from euthanized mice, rinsed with PBS, and cut
longitudinally before being rolled into a ‘Swiss
roll’.26 The length of each colon was measured
starting from the end of the cecum to the rectum.
The exact same areas (distal anorectal regions)
were analyzed in all samples. The histology scores
for each mouse were calculated as the sum of
‘damage of epithelium’ and ‘infiltration’ subscores.
‘Damage of epithelium’ subscore was scored as
follows: 0, normal morphology; 1, loss of goblet
cells; 2, loss of goblet cells in large areas; 3, loss of
crypts; 4, loss of crypts in large areas. ‘Infiltration’
subscore was scored as follows: 0, no infiltrate; 1,
infiltrate around crypt basis; 2, infiltrate reaching
to lamina muscularis mucosae; 3, extensive infil-
tration reaching the lamina muscularis mucosae
and thickening of the mucosa with abundant
edema; 4, infiltration of the lamina submucosa.?’

Pharmacological inhibition of IDO activity in vivo
For inhibition of IDO activity i vivo, BALB/c
DSS-treated mice received IDO inhibitor,
1-methyltryptophan (1-MT, Sigma-Aldrich) dis-
solved in drinking water (2 mg/ml). DSS-treated
BALB/c mice received 1-MT continuously dur-
ing the first 5 days of the experiment (during DSS
administration).28
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Flow cytometry analysis of colon-infiltrating

cells in DSS-treated mice

Isolation of immune cells from lamina propria of
experimental animals was conducted as previously
described.?® Each colon was dissected away from
the caecum. The colons were cut into pieces 3 cm
long and then cut longitudinally, so that 3 X 3 cm
flaps of colonic tissue were made. The flaps were
placed in a 50 ml conical tube and washed three to
five times with 30 ml cold HBSS, calcium and mag-
nesium free. The pieces were incubated in 20 ml
HBSS/EDTA for 30 min in a 37°C water bath.
Each tube was shaken regularly during the incuba-
tion to ensure that epithelial cells were disrupted
from the mucosa. The pieces were sedimented and
the supernatant was decanted. The remaining
EDTA were washed out with 40 ml HBSS, calcium
and magnesium free. The fragments of colonic tis-
sue were placed in a 10 cm Petri dish and cut into
smaller pieces with a scalpel. The pieces were aspi-
rated with a pipette, transferred to a fresh 50 ml
conical tube and filled to 20 ml with DMEM sup-
plemented with 10% FBS. Then, 1ml of
4000 Mandl units/ml  collagenase D (Sigma-
Aldrich) and 200 ul of 1 mg/ml DNase (Sigma-
Aldrich) were added to the tube and incubated for
1 h in a 37°C water bath. The supernatant was fil-
tered through a 100 um nylon cell strainer into a
clean 50 ml conical tube. Cold HBSS, calcium and
magnesium free, was added to 50 ml. Cells were
pelleted by centrifuging 10 min at 450 g, at 4°C.
The pellet was disrupted and cells were resuspended
in 50 ml HBSS, calcium and magnesium free, and
filtered through a 40 um nylon cell strainer into a
clean 50 ml conical tube. Cells were again pelleted
by centrifuging for 10 min at 450 g, at 4°C. The
pellet was disrupted and cells were resuspended in
20 ml of 30% Percoll. Afterwards, the cell suspen-
sion was layered over 25 ml of 70% Percoll in a 50
ml conical tube and centrifuged for 20 min at
1100 g, room temperature, with as low an accelera-
tion rate as possible and with the brake off. Clumping
of cells was prevented by the addition of 1 mM
EDTA to the solution. Epithelial cells floated on the
30% Percoll layer, and immune cells were found
between the 30% and 70% layers. Debris and dead
cells were pelleted at the bottom of the conical tube.
For flow cytometry analysis, about 1 X 10° cells per
sample were incubated with antimouse CD45,
CD4, CD11c and CD40, conjugated with FITC,
PE, PerCP or APC. For the intracellular staining,
cells were previously stimulated with PMA and ion-
omycin for 4 h at 37°C with the addition of 1 ug/ml
Golgi plug. Following extracellular staining, cells

were fixed, permeabilized and stained for IFN-y,
IL-4, IT-17, II-12, IL-1B and IL-10, conjugated
with FITC, PE, PerCP or APC. Intracellular stain-
ing for Foxp3 was performed using the BD
Bioscience fixation/ permeabilization buffer kit, fol-
lowing the manufacturer’s instructions. Flow cyto-
metric analysis was conducted on a BD Biosciences
FACSCalibur and analyzed by using the Flowing
Software analysis program.

Determination of cytokines in serum samples of
experimental animals

The commercial ELISA sets (R&D Systems,
Minneapolis, MN, USA) were used to determine
the concentration of IL.-12, IL-1f and IL.-10 in
serum samples of control and DSS-treated
animals.?>

Isolation of DCs and analysis of their phenotype
and function

DCs were isolated from spleens of DSS-treated
C57BL/6 and BALBc mice 2 days after adminis-
tration of DSS by magnetic cell sorting. Single-cell
suspensions of mononuclear cells derived from the
spleen were labelled with CDI11c MicroBeads
(Miltenyi Biotec, Bergisch Gladbach, Germany)
and positively selected using MACS Column and
MACS Separator. Isolated DCs were stimulated
with lipopolysaccharides (LPS, 10 ng/ml) for 48 h,
harvested and analyzed by flow cytometry.?>

Determination of IDO activity in DCs

Expression of IDO in DCs was determined by
real-time polymerase chain reaction (PCR). The
fold change of mRNA gene expression for IDO
and P actin, used as a housekeeping gene
(Invitrogen, Carlsbad, CA, USA), was calcu-
lated.30 IDO activity was determined by spectro-
photometric measurement of kynurenine in the
supernatants of LPS (10 ng/ml) stimulated spleen
DCs previously isolated from untreated or DSS-
treated mice, 2 days after DSS administration.22

Depletion of DCs and adoptive transfer of DCs

in DC-depleted DSS-treated mice

Since gut CD103+ DCs express IDO responsible
for expansion of colon-infiltrating Tregs,!? these
DCs were selectively depleted in DSS-treated
BALB/c mice by using immunotoxin-saporin capa-
ble of selectively depleting DCs (Advanced
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Targeting Systems, San Diego, CA, USA).3! Since
this immunotoxin significantly reduces the frequen-
cies and absolute numbers of DCs within 1 week of
treatment,3! DSS-treated BALB/c mice were, at day
5, injected with saporin (2 mg/kg, intraperitoneally)
while clinical and histological manifestation of DC
depletion were analyzed 1 week later.

IDO activity was inhibited in BALB/c DCs
(DCs!"MT) by culturing DCs, previously isolated
from healthy BALB/c mice, in culture medium
containing 1 mM 1-MT.32 Immunotoxin-saporin
used for depletion of DCs is cleared from the cir-
culation by day 3 post injection.3! Accordingly,
for adoptive transfer experiments, DCs with nor-
mal or suppressed IDO activity (DCs!"MT), previ-
ously isolated from healthy BALB/c mice, were
transferred (intraperitoneally; 2 X 105 DCs/
mouse) into DC-depleted DSS-treated BALB/c
mice 72 h after saporin injection.

Depletion of Treg cells and adoptive transfer of
DCs in Treg-depleted DSS-treated mice

For Treg depletion, mice were injected intraperi-
toneally with cyclophosphamide (CY, Galenika
A.D., Belgrade, Serbia) at a dose of 10 mg/kg or
anti-CD25 antibody (PC61 mAb, Sigma-Aldrich,
Munich, Germany), at a dose of 250 mg/mouse,
3 days before DSS administration.33:34

For adoptive transfer experiments, isolated DCs
(2 X 10° cells per mouse) were transferred intra-
peritoneally into CY +DSS-treated and anti-CD25-
antibody-treated BALB/c mice at day 5.3°

Statistical analysis

Data were expressed as the mean * standard
error of the mean (SEM). Results were analyzed
by Student’s ¢ test, Pearson’s or Spearman’s cor-
relation coefficient and SPSS 22.0 for Windows
software (SPSS Inc., Chicago, IL, USA). The dif-
ference was considered significant when p was
less than 0.05.

Results

Serum concentration of kynurenine reflected the
strain-dependent difference in mucosal healing of
DSS-treated C57Bl/é and BALB/c mice

As previously reported by Melgar and col-
leagues,!# a similar degree of DSS-induced colitis

was noticed in C57BL/6 and BALB/c mice dur-
ing the first 5 days of DSS treatment [Figure
1(Aa, Ba)]. However, at day 12, there was a strik-
ing difference in weight loss, clinical and histo-
logical manifestations of DSS colitis between
C57BL/6 and BALB/c mice [Figure 1(Ab, Bb, D,
E, Fb, Fd)], indicating faster mucosal healing in
BALB/c mice. Accordingly, molecular and cellu-
lar mechanisms responsible for strain-dependent
differences in mucosal healing 12 days after ini-
tial administration of DSS were analyzed.

There were significant differences in the clinical
manifestation of disease [Figure 1(A-D)]. DSS-
treated C57BL/6 mice developed severe colitis
manifested by watery diarrhea, rectal bleeding
and significant body weight loss (>5%) [Figure
1(Ab)]. The presence of blood in the feces was
detected 1-2 days after the start of DSS treat-
ment, whereas gross bleeding and diarrhea were
initially observed from day 4 [Figure 1(Ca)].
Additionally, DSS-treated mice exhibited visible
signs of illness, including a hunched back, raised
fur and reduced mobility. Severe colitis observed
in DSS-treated C57BL/6 mice was accompanied
by noticeable decrease in colon length [Figure
1(D)]. DSS-treated BALB/c mice recovered from
DSS-induced colitis faster than C57BL/6 mice
[Figure 1(A-D)]. Bloody diarrhea, gross rectal
bleeding [Figure 1(Cb)], hunched back, raised
fur and reduced mobility were not observed in
DSS-treated BALB/c mice at day 12. At the same
time point, body weight loss [p < 0.05; Figure
1(Ab)], DAI [p < 0.01; Figure 1(Bb)] and colon
shortening [p < 0.05; Figure 1(D)] were signifi-
cantly lower in DSS-treated BALB/c animals
compared with C57BL/6 mice.

The difference in recovery from DSS-induced
colitis between C57BL/6 and BALB/c mice was
confirmed by the statistical difference in histo-
logical score [p < 0.05; Figure 1(E)]. Destruction
of the entire epithelium, decreased number of
goblet cells and loss of crypts, accompanied by
severe submucosal edema and massive infiltration
of inflammatory cells in the lamina propria and
submucosa were observed in the colons of
C57BL/6 DSS-treated mice [Figure 1(Fb)]. In
contrast, microscopic examination of the distal
colon sections of DSS-treated BALB/c mice
revealed almost normal architecture of the colon,
minimal changes in the surface epithelium and
mild infiltration of inflammatory cells to the
mucosa [Figure 1(Fd)].

journals.sagepub.com/home/tag


https://journals.sagepub.com/home/tag

A Acovic, B Simovic Markovic et al.

DSS —_
AZ2n B,24s C acs7BLG D g% *
i 10 E —a.5 : -
£ s o <3 S 7
S0 < S5 o 6
T 6 ) S s
e 8 8 5 4
E &8 27 'En g
2 2 (=1 0.5 @ 2
2 9] 0 5!
2 5 days 5 days
b b 7 *
5 25 * > 7 Eid E g 6
= 20 - S~ 6 8
® B s %
g 15 <2 4 2
2 2% s o 2
104 [
5 §'E 2 H g 2
2 s 8= ] 3
S a
= 0 04 . .
= 12 days 12 days
F -
[JPn
S ® 9 *
e o ]
B 3| & 5 ]
@ ¢ 5 7 J
= o <6
i s e D5
i £ a
iy i
: g !
M :
@ & & 0 [iE]
- o Kynurenine
= =
- =]
>
H 2000 * | 1400 * J 6o >
o 1200 e —_—
— 1400 = 1000 < 400 [ C57BL/6 control
giggg L "S5 300 W C57BL/6°5S
o a
= o0 :g: 200 [CJBALBc control
200 200 100 D BALBCDSS
200 . .
. IL-12 [ET3 IL-10

Figure 1. Serum concentration of kynurenine reflected the severity of dextran sodium sulphate (DSS)-induced colitis. Weight

loss (A), Disease Activity Index (DAI) (B), rectal bleeding (C], length of colon (D) and histological score (E] revealed strain-specific
difference in recovery from DSS at day 12. Destruction of the entire epithelium, decreased number of goblet cells and loss of crypts,
accompanied by severe submucosal edema and massive infiltration of inflammatory cells in the lamina propria and submucosa were
observed in the colons of C57BL/6 DSS-treated mice (Fb, 10x/100X]. In contrast, distal colon sections of DSS-treated BALB/c mice
revealed almost normal architecture of the colon, minimal changes in the surface epithelium and mild infiltration of inflammatory
cells to the mucosa (Fd, 10x/100x]). Significantly higher serum levels of kynurenine were noticed in DSS-treated BALB/c mice (G).
Serum levels of inflammatory interleukin (IL)-12 (H) and IL-1B (I} were significantly lower (p < 0.05), while the concentration of anti-
inflammatory IL-10 (J] was significantly higher in the sera of DSS-treated BALB/c mice compared with DSS-treated C57BL/6 mice.
Data presented as mean = standard error of the mean; n = 10/group. *p < 0.05, **p < 0.01.

Importantly, the serum concentration of kynure-
nine reflected the strain-dependent difference in
mucosal healing. Significantly higher serum levels
of kynurenine were noticed in DSS-treated
BALB/c mice that recover faster from DSS-
induced colon injury than C57Bl/6 mice
[p < 0.05; Figure 1(G)].

To investigate whether a difference in serum con-
centration of kynurenine was accompanied by a

different cytokine profile, concentrations of
inflammatory cytokines (IL-12 and IL-1f3) and
immunosuppressive IL.-10 were analyzed in the
serum samples of DSS-treated C57BL/6 and
BALB/c mice. Serum levels of inflammatory
IL-12 and IL-1B were significantly lower
[p < 0.05; Figure 1(H, I)], while the concentra-
tion of anti-inflammatory IL.-10 was significantly
higher in the sera of DSS-treated BALB/c mice
compared with DSS-treated C57BL/6 mice
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[p < 0.05; Figure 1(J)], indicating that increased
serum levels of immunosuppressive kynurenine
were accompanied by a notable decrease in
inflammatory cytokines and a significant increase
in anti-inflammatory IL-10.

Activated BALB/c DCs have higher capacity to
express IDO and produce immunosuppressive
kynurenine and IL-10 then activated C57BL/6

DCs

To delineate the cellular base of observed strain-
dependent differences in mucosal healing, we first
analyzed the effects of LPS on phenotype and
function of DCs [Figure 2(A)], which are known
to regulate colon inflammation in an IDO-
dependent manner.!? Significantly higher expres-
sion of IDO was noticed in LPS- and
DSS-activated BALB/c DCs compared with simi-
larly treated C57BL/6 DCs [p < 0.05; Figure
2(B)]. The difference in IDO expression was cor-
roborated by measurement of kynurenine in
supernatants of LPS- and DSS-activated BALB/c
and C57BL/6 DCs. A significantly higher con-
centration of kynurenine was detected in the
supernatants of activated BALB/c DCs then in
activated C57BL/6 DCs [p < 0.05; Figure 2(C)],
confirming the higher IDO activity in activated
BALB/c DCs.

In line with these findings, compared with acti-
vated C57BL/6 DCs, a significantly higher per-
centage of LPS- and DSS-activated BALB/c
DCs produced immunosuppressive IL-10 while
a lower percentage of these cells produced
inflammatory IL-12 and expressed CD40, a
well known marker of DC activation?S [p < 0.05;
Figure 2(D)], suggesting that BALB/c DCs
respond to specific (DSS) and general (LPS)
stimuli mainly through the production of immu-
nosuppressive factors. These findings were cor-
related with the cytokine production of
gut-infiltrated DCs in vivo [Figure 2(E-G)]. A
remarkably lower number of colon-infiltrating
inflammatory (IL-12- and IL-1B-producing)
DCs [p < 0.05; Figure 2(E, F)] and a signifi-
cantly higher number of immunosuppressive
IL-10-producing DCs [p < 0.05; Figure 2(QG)]
were noticed in the lamina propria of DSS-
treated BALB/c mice compared with DSS-
treated C57BL/6 mice, confirming the
importance of strain-dependent differences for
phenotype and function of colon-infiltrating
DCs.

Recovery from DSS-induced colitis of

BALB/c mice was a consequence of DC-

driven polarization of T cells towards
immunosuppressive Tregs

To determine whether colon-infiltrated DCs
influenced the recovery from DSS-induced colitis
by affecting polarization of CD4+ Th cells, the
total number of IFN-y, IL-4, IL-10 and IL-17
producing Th1, Th2 and Th17 cells in the colons
of DSS-treated C57BL/6 and BALB/c mice was
analyzed [Figure 2(H-M)]. The cellular makeup
of the colons revealed a significantly lower num-
ber of CD45+CD4+ Th cells [p < 0.01; Figure
2(H)], IFN-y-producing Thl [p < 0.05; Figure
2(D] and IL-17-producing Th17 cells [p < 0.01;
Figure 2(J)] and a significantly higher number of
IL-10-producing CD4+ T cells [p < 0.01;
Figure 2(K)] in the lamina propria of DSS-treated
BALB/c animals compared with DSS-injured
C57BL/6 mice. There was no difference in the
total number of colon-infiltrating IL.-4-producing
Th2 cells between experimental groups [Figure
2(L)]. Importantly, a remarkably higher presence
of CD45+CD4+FoxP3+ Tregs, which are cru-
cially involved in the suppression of DSS-induced
inflammation,3” was observed in the colons of
DSS-treated BALB/c mice [p < 0.05; Figure
2(M)], suggesting that the strain-dependent
recovery from DSS-induced colitis of BALB/c
mice was a consequence of DC-driven polariza-
tion of T cells towards immunosuppressive Tregs.

DC-dependent expansion of Tregs and elevated
serum levels of immunosuppressive kynurenine
had a crucial role in the induction of mucosal
healing in DSS-treated BALB/c mice

In order to confirm this hypothesis, DCs, isolated
from healthy BALB/c mice, were transferred into
DSS-treated BALB/c mice which were previously
depleted of Tregs by CY or anti-CD25 antibody
[Figure 3(A)]. Depletion of Tregs completely
abrogated mucosal healing in DSS-treated
BALB/c mice [Figure 3(B-D)], indicating the
crucial importance of Tregs for the recovery from
DSS-induced colon injury. CY as well as anti-
CD25 antibody-treated BALB/c mice reacted to
DSS challenge with severe colonic mucosal injury
manifested by substantial, bloody diarrhea and
considerable weight loss resulting in increased
DAI [p < 0.05; Figure 3(B)]. Similar to that
observed in DSS-susceptible C57BL/6 mice
[Figure 3(Da)] notable mucosal damage and epi-
thelial necrosis, focal crypt lesions, goblet cell loss
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Figure 2. Activated BALB/c dendritic cells (DCs) have a higher capacity to express indolamine 2,3-dioxygenase (IDO) and produce
immunosuppressive kynurenine and interleukin (IL)-10 then activated C57BL/6 DCs. DCs were isolated from the spleens of dextran
sodium sulphate [DSS)-treated mice 2 days after administration of DSS and stimulated with lipopolysaccharide (LPS) for 48 h

(A). Significantly higher expression of IDO was noticed in LPS- and DSS-activated BALB/c DCs compared with C57BL/6 DCs (B). A
significantly higher concentration of kynurenine was detected in the supernatants of activated BALB/c DCs than in activated C57BL/6
DCs (C]. A significantly higher percentage of LPS- and DSS-activated BALB/c DCs produced immunosuppressive IL-10 while a lower
percentage of these cells produced inflammatory IL-12 and expressed CD40 (D). Remarkably, a lower number of IL-12-producing
DCs (E) and IL-1B-producing DCs (F) and a significantly higher number of immunosuppressive IL-10-producing DCs (G) were noticed
in the lamina propria of DSS-treated BALB/c mice compared with DSS-treated C57BL/6 mice. A significantly lower number of CD4+
T helper (Th] cells (H], interferon (IFN]-y-producing Th1 cells (I}, IL-17-producing Th17 cells (J) and a significantly higher number

of IL-10-producing CD4+ T cells (K) and T-regulatory cells (Tregs) (M) were observed in the lamina propria of DSS-treated BALB/c
animals compared with DSS-injured C57BL/6 mice. There was no significant difference in the total number of IL-4-producing CD4+
Th2 cells between experimental groups (L). Mean + standard error of the mean; n = 10/group. *p < 0.05; **p < 0.01.
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Figure 3. Dendritic cell (DC)-dependent expansion of T-regulatory cells (Tregs) and elevated serum levels of immunosuppressive
kynurenine had a crucial role for mucosal healing of dextran sodium sulphate (DSS)-treated BALB/c mice. CY or anti-CD25
antibody were injected in BALB/c mice 3 days before DSS administration. DCs were transferred into CY+DSS-treated BALB/c mice
at day 5 (A). CY-treated as well as anti-CD25-treated BALB/c mice reacted to DSS challenge with severe colonic mucosal injury
manifested by substantial, bloody diarrhea and considerable weight loss, resulting in increased Disease Activity Index (DAI) (B).
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Figure 3. (Continued)

Similar to that observed in DSS-susceptible C57BL/6 mice (Da, 10x/100%], notable mucosal damage and epithelial necrosis, focal
crypt lesions, goblet cell loss and inflammatory cell infiltration were noticed in the colons of CY+DSS-treated (D¢, 10x/100%] and
anti-CD25+DSS-treated BALB/c mice [De, 10X/100X). These pathological changes in colon architecture were manifested by a
significant increase in the histological score of CY+DSS-treated and anti-CD25+DSS-treated BALB/c mice (C). A significant increase
in the serum levels of interleukin (IL)-12 (E], a decrease in the serum levels of IL-10 (F) and a significantly lower number of colon-
infiltrating Tregs (H) were noticed in CY+DSS-treated and anti-CD25+DSS-treated BALB/c mice. Adaptive transfer of BALB/c DCs
significantly attenuated DAI (B), histological score (C), colon injury and inflammation (Dd, Df], the serum levels of IL-12 (E] and
significantly increased the serum concentrations of IL-10 (F) and kynurenine (G) as well as the total number of colon-infiltrating
CD45+CD4+FoxP3+ Tregs (H) in CY+DSS-treated BALB/c mice that received DCs as well as in anti-CD25+DSS-treated BALB/c
animals that were injected with DCs. Mean * standard error of the mean; n = 10/group. *p < 0.05; **p < 0.01.

and inflammatory cell infiltration were noticed in
the colons of CY+DSS-treated [Figure 3(Dc)]
and anti-CD25+DSS-treated BALB/c mice
[Figure 3(De)]. These pathological changes in
colon architecture of Treg-depleted DSS-treated
BALB/c mice were manifested by a significant
increase in histological scores [p < 0.05; Figure
3(C)]. Additionally, a significant increase in the
serum levels of IL-12 [p < 0.01; Figure 3(E)]
and a decrease in the serum levels of IL-10
[p < 0.01; Figure 3(F)] were noticed in
CY+DSS-treated and anti-CD25+DSS-treated
BALB/c mice, indicating that augmented colon
injuries in these animals were accompanied by
enhanced systemic inflammatory responses.

Importantly, transfer of BALB/c DCs managed to
significantly increase the serum levels of kynure-
nine in CY and anti-CD25+DSS-treated BALB/c
mice [p < 0.05; Figure 3(G)] that resulted in a
remarkably higher number of colon-infiltrated
Tregs (p < 0.05; Figure 3H) and led to the atten-
uation of DSS-induced colitis in CY+DSS-
treated and anti-CD25+DSS-treated BALB/c
animals [p < 0.05; Figure 3(B-D)]. Compared
with CY+DSS-treated and anti-CD25+DSS-
treated BALB/c animals, clinically observed alle-
viation of intestinal inflammation [manifested by
improved stool consistency, diminished fecal
occult blood and reduced DAI; p < 0.05; Figure
3(B)] was verified by significantly decreased his-
tological scores [p < 0.05; Figure 3(C)] that fea-
tured reduced numbers of mucosal erosions and
ulcerations, lower hyperplasia and decreased
colon infiltration of inflammatory cells in
CY+DSS-treated BALB/c mice that received
DCs [Figure 3(Dd)] as well as in anti-
CD25+DSS-treated BALB/c mice that were
injected with DCs [Figure 3(Df)]. Additionally,
attenuated colon inflammation in these animals

was accompanied by downregulated serum con-
centrations of inflammatory IL-12 [p < 0.05;
Figure 3(E)] and upregulated serum levels of
immunosuppressive IL-10 [p < 0.01; Figure
3(F)].

IDO inhibition completely abrogated Treg-
dependent recovery from DSS-induced colitis in
BALB/c mice

We next investigate whether IDO inhibition
affects Treg-dependent recovery of BALB/c
mice with DSS-induced colitis [Figure 4(A)]. As
shown in Figure 4, 1-MT aggravated DSS-
induced colon injury and inflammation in
BALB/c mice. Loss of fecal consistency, bloody
diarrhea and notable weight loss resulted in sig-
nificantly increased DAI in 1-MT+DSS-treated
BALB/c mice [p < 0.05; Figure 4(B)].
Consistent with the exacerbated clinical signs,
greater severity in histological damage, evi-
denced by a widely disrupted tissue architecture,
the disappearance of intestinal crypts and goblet
cells, marked mucosal hypertrophy and massive
infiltration of inflammatory cells was observed in
1-MT+DSS-treated BALB/c mice [Figure
4(Db)]. Significantly higher DAI [p < 0.05;
Figure 4(B)] and histological score [p < 0.05;
Figure 4(C)], accompanied by an increased
serum level of IL-12 [p < 0.05; Figure 4(E)], a
decreased serum level of IL-10 [p < 0.01; Figure
4(F)] and a significantly lower number of colon-
infiltrating, IL.-10-producing Tregs [p < 0.05;
Figure 4(G)] were noticed in 1-MT+DSS-
treated BALB/c mice compared with DSS-only
treated animals. These findings strongly suggest
the crucial importance of IDO activity in Treg-
dependent recovery from DSS-induced colon
injury and inflammation, and induction of
mucosal healing in BALB/c mice.
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Figure 4. Indolamine 2,3-dioxygenase (IDO) inhibition completely abrogated T-regulatory cell (Treg)-dependent recovery from
dextran sodium sulphate (DSS)-induced colitis in BALB/c mice. BALB/c DSS-treated mice continuously, during DSS administration,
received 1-methyltryptophan (1-MT] dissolved in drinking water (A). A significantly increased Disease Activity Index (DAI] (B) and
histological score (C] were observed in 1-MT+DSS-treated BALB/c mice compared with DSS-only treated animals. Representative
images of H&E stained colon tissues demonstrate widely disrupted tissue architecture, the disappearance of intestinal crypts and
goblet cells, marked mucosal hypertrophy and massive infiltration of inflammatory cells in 1-MT+DSS-treated BALB/c mice (Db,
10%/100X]. An increased serum level of interleukin (IL]-12 (E), a decreased serum level of IL-10 (F) and a significantly lower number
of colon-infiltrating, IL-10-producing Tregs (G) were noticed in 1-MT+DSS-treated BALB/c mice compared with DSS-only treated
animals. Mean = standard error of the mean; n = 10/group. *p < 0.05; **p < 0.01.

DCs, in IDO-dependent manner, promoted
expansion of immunosuppressive Tregs

enabling mucosal healing in DSS-treated

BALB/c mice

To confirm that activity of IDO in DCs is mainly
responsible for kynurenine-dependent expan-
sion of immunosuppressive Tregs and conse-
quent maintenance of mucosal healing in
DSS-treated BALB/c mice, DCs with normal or
suppressed IDO activity (DCs!"MT) were trans-
ferred into DSS-treated BALB/c animals that
were previously depleted of DCs (Figure 5).
DSS-induced colitis in BALB/c mice was shown
to be significantly more severe when DCs were
selectively depleted, manifested by an increased

DAI [Figure 5(A)] and histological score [Figure
5(B)]. Similar to that observed in DSS-treated
C57BL/6 mice with progressive disease [Figure
5(Ca)], the abnormal structure of crypt glands,
disrupted epithelium and severe edema accom-
panied by massive infiltration of inflammatory
cells were noticed in the colonic mucosa of
DC-depleted DSS-treated BALB/c mice [Figure
5(Cb)]. Exacerbated colitis observed in
DC-depleted DSS-treated BALB/c mice was
accompanied by a significant decrease in serum
levels of kynurenine [p < 0.05; Figure 5(D)]
and a significant reduction in the total number
of colon-infiltrating Tregs [p < 0.05; Figure
5(E)], indicating the importance of DC-derived
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kynurenine for the expansion of Tregs and con-
sequent attenuation of DSS-induced colitis.

Interestingly, all criteria used for clinical (weight
loss, stool consistency and rectal bleeding) and his-
tological evaluation of DSS-induced colitis (dam-
age of epithelium, infiltration of inflammatory
cells) were notably attenuated in DC-depleted
DSS-treated BALB/c mice that received DCs,
resulting in a significant decrease in DAI [p < 0.01;
Figure 5(A)] and histological score [p < 0.05;
Figure 5(B)]. Moreover, significantly higher serum
levels of kynurenine [p < 0.05; Figure 5(D)]
accompanied by a remarkable increase in the total
number of colon-infiltrating Tregs [p < 0.05;
Figure 5(E)] were noticed in DC-depleted DSS-
treated BALB/c mice that received DCs.

Most importantly, suppression of IDO activity in
DCs completely abrogated their capacity to pro-
mote expansion of immunosuppressive Tregs and
to induce mucosal healing in DC-depleted DSS-
treated BALB/c mice. Transfer of DCs!"MT nej-
ther attenuated colitis nor altered the total
number of Tregs in the colons of DC-depleted
DSS-treated BALB/c mice [Figure 5(E)], con-
firming that DCs, in an IDO-dependent manner,
promoted the expansion of colon-infiltrating
Tregs, enabling mucosal healing in DSS-treated
BALB/c mice.

Increased serum and fecal levels of kynurenine
are noticed in patients with UC and mucosal
healing

To investigate the relevance of experimental
findings for corresponding human pathology, we
analyzed the concentration of kynurenine in
serum and stool samples of healthy controls and
patients with UC who were divided into two
groups based on the presence or absence of
mucosal healing (Table 1). The serum level of
kynurenine was higher in patients with UC com-
pared with healthy controls [Figure 6(A)].
Interestingly, significantly higher serum levels of
kynurenine were observed in patients with UC
and mucosal healing than in patients with UC
and chronic persistent disease [p < 0.05; Figure
6(A)]. Clinical score which was significantly
lower in patients with mucosal healing [p < 0.01;
Figure 6(B)] negatively correlated with serum
concentrations of kynurenine [r= —0.418,
p < 0.01; Figure 6(C)]. These findings were in
line with differences in histological score between

these two groups of patients with UC [p < 0.01;
Figure 6(D)]. Histological analysis revealed that
higher serum levels of kynurenine were noticed
in patients with UC and mucosal healing mani-
fested by increased regeneration of epithelium
and the disappearance of crypt abscesses in the
colon [Figure 6(Ea)]. By contrast, lower serum
levels of kynurenine were noticed in patients
with UC and chronic persistent disease mani-
fested by the presence of large abscesses and
increased infiltration of inflammatory cells in the
injured colons [Figure 6(Eb)].

In line with these results, serum levels of kynure-
nine negatively correlated (r = —0.290, p < 0.05)
with endoscopic subscore, which was significantly
lower in patients with UC and mucosal healing
[p < 0.01; Figure 6(F)]. Lower serum levels of
kynurenine were noticed in patients with UC and
chronic persistent disease manifested by marked
erythema, friability, erosions and absent vascular
patterns on endoscopy [Figure 6(Gb)], while all
endoscopic parameters were in remission [Figure
6(Ga)] in patients with UC and mucosal healing
that had higher serum levels of kynurenine.

Additionally, a significantly higher concentration
of kynurenine in the serum samples of patients
with UC and mucosal healing corresponded with
significantly lower serum levels of inflammatory
mediators: CRP [p < 0.01; Figure 6(H)], TNF-
o [p<0.05; Figure 6(I)] and CXCLI11
[p < 0.05; Figure 6(])].

Similar to that observed in serum samples [Figure
6(A)], the concentration of kynurenine was higher
in patients with UC compared with healthy con-
trols [Figure 6(K)]. Importantly, the concentra-
tion of Kkynurenine in stool samples was
significantly higher in patients with UC and
mucosal healing [p < 0.05; Figure 6(K)] and it
negatively correlated (r = —0.335, p < 0.05) with
concentration of fecal calprotectin, which was sig-
nificantly lower in patients with mucosal healing
[p < 0.01; Figure 6(1L)]. A significantly higher
concentration of kynurenine in the stool samples
of patients with UC and mucosal healing [Figure
6(K)] corresponded with significantly lower fecal
levels of inflammatory mediators: TNF-a
[p < 0.05; Figure 6(M)], IL-17 [p < 0.05;
Figure 6(N)] and CXCLI11 [p < 0.05; Figure
6(0)], indicating that both serum and fecal levels
of kynurenine negatively correlated with colon
injury and inflammation.
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Figure 5. Dendritic cells (DCs), in an indolamine 2,3-dioxygenase (IDO)-dependent manner, promoted expansion of
immunosuppressive T-regulatory cells (Tregs) enabling mucosal healing in dextran sodium sulphate (DSS]-treated BALB/c mice. A
significantly increased Disease Activity Index (DAI) (A) and histological score (B) were observed in DC-depleted DSS-treated BALB/c
mice compared with DSS-only treated BALB/c animals. Representative images of H&E stained colon tissues demonstrate the
abnormal structure of crypt glands, disrupted epithelium and severe edema accompanied by massive infiltration of inflammatory
cells in the samples of DC-depleted DSS-treated BALB/c mice (Cb), which were similar to those obtained from DSS-treated C57BL/6
mice with progressive disease (Ca). Depletion of DCs resulted in a significant decrease in the serum levels of kynurenine (D) and

a significant reduction in the total number of colon-infiltrating Tregs (E]. A remarkably lower DAI (A) and histological score (B],
attenuated colon injury and inflammation (Cd), significantly higher serum levels of kynurenine (D) accompanied by a remarkable
increase in the total number of colon-infiltrating Tregs (E) were noticed in DC-depleted DSS-treated BALB/c mice that received DCs.
Transfer of DCs'MT did not attenuate DAI (A), histological score (B), colon injury (Ce), serum level of kynurenine (D) and total number
of colon-infiltrating Tregs in DC-depleted DSS-treated BALB/c mice. Mean *+ standard error of the mean; n = é/group. *p < 0.05;
**p < 0.01. 1-MT, 1-methyltryptophan.

Increased serum and fecal levels of kynurenine a positive correlation between the fecal level of
were accompanied by increased presence of kynurenine [Figure 6(K)] and the fecal level of
immunosuppressive Tregs in colons of patients IL-10 (r = 0.467, p < 0.01), which was signifi-
with UC and mucosal healing cantly higher in the stool samples of patients with

Similar to that observed in animal models, UC and mucosal healing compared with patients
increased serum levels of kynurenine [Figure with UC and persistent inflammation [p < 0.05;
6(A)] were accompanied by a significantly higher Figure 7(B)]. These findings corresponded with a
serum level of immunosuppressive IL-10 remarkably increased presence of immunosup-
[p < 0.05; Figure 7(A)]. Additionally, there was pressive cells [Tregs: p < 0.01; Figure 7(C);
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Figure 6. Increased serum and fecal levels of kynurenine are noticed in patients with ulcerative colitis (UC) and mucosal healing.
The serum levels of kynurenine were significantly higher in patients with UC compared with healthy controls and were significantly
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Figure 6. (Continued)

higher in patients with UC and mucosal healing compared with patients with UC and chronic persistent disease (A). Clinical score
(B) and histological score (D] were significantly lower in patients with mucosal healing. Clinical score negatively correlated with
serum concentrations of kynurenine (C). Mucosal healing was manifested by resolution of acute inflammation, regeneration of
epithelium and disappearance of crypt abscesses in the colon (Ea, 100X). By contrast, chronic persistent disease was manifested
by the presence of large abscesses and increased infiltration of inflammatory cells in the injured colons (Eb, 100X). The endoscopic
subscore was significantly lower in patients with UC and mucosal healing (F). On endoscopy, chronic persistent disease was
manifested by marked erythema, friability, erosions and absent vascular patterns (Gb), while all endoscopic parameters were in
remission in patients with UC and mucosal healing (Ga). Significantly lower serum levels of inflammatory mediators, C-reactive
protein (CRP) (H), tumor necrosis factor (TNF)-a (1) and CXCL11 (J) were noticed in patients with UC and mucosal healing. The
concentration of kynurenine in stool samples was significantly higher in patients with UC compared with healthy controls (K]. Also,
the concentration of kynurenine in stool samples was significantly higher in patients with UC and mucosal healing compared with
patients with UC and chronic persistent disease (K] and it corresponded with significantly lower stool levels of fecal calprotectin (L],
TNF-a (M), interleukin (IL)-17 (N} and CXCL11 (0). Mean * standard error of the mean; *p < 0.05; **p < 0.01.

IL-10-producing CD4+ T cells: p < 0.05; Figure
7(D); and IL-10-producing CD56+ natural killer
(NK) cells: p < 0.05; Figure 7(E)] and with sig-
nificantly reduced infiltration of inflammatory
cells [IFN-y-producing CD4+ T cells: p < 0.05;
Figure 7(F); and IL-17-producing CD56+ NK
cells: p < 0.05; Figure 7(G)] in the gut of patients
with UC and mucosal healing compared with
patients with UC and chronic persistent disease.

Discussion

In this paper, by using an experimental model
and clinical data, we demonstrated that measure-
ment of serum and fecal levels of kynurenine
could be used as a new diagnostic approach that
can complement endoscopy, CRP and fecal cal-
protectin for monitoring or predicting mucosal
healing in patients with UC. Additionally, our
results indicate the therapeutic potential of IDO-
dependent expansion of endogenous Tregs as a
possible new therapeutic approach for the induc-
tion of mucosal healing in patients with UC.

Diverse IDO activity manifested by different
serum levels of kynurenine in DSS-treated
BALB/c and C57BL/6 mice [Figure 1(G)], which
were used as animal models for mucosal healing
or chronic, persistent colitis,!* indicated the
importance of the IDO and kynurenine pathway
for mucosal healing in UC. As shown in Figure 4,
i wvivo IDO inhibition completely abrogated
mucosal healing in DSS-treated BALB/c mice.
Opposite to our findings are the recently pub-
lished results by Shon and colleagues,3® who
investigated acute DSS-induced colitis in IDO-
deficient mice on a C57BL/6 background. They
reported that genetic deletion of IDO protected

against DSS-induced colitis. We believe that
strain-dependent differences in DSS-induced
colitis between C57BL/6 and BALB/c mice!*
might be responsible for the contrasting results
obtained by us and Shon and colleagues.
Additionally, Shon and coworkers investigated
the impact of IDO deficiency on acute DSS-
induced colitis, which is a T-cell-independent
disease,?® while we evaluated the effects of IDO
inhibition 12 days after DSS administration when
T cells play an important role in the pathogenesis
of colitis.? Similar to our results, several experi-
mental studies demonstrated that inhibition of
IDO activity worsens colitis while induction of
IDO expression limits disease progression,!2:41-43
indicating the importance of IDO activity in
attenuation of colon inflammation. In line with
these findings, we assume that striking differences
in clinical and histological manifestations of DSS
colitis in C57BL/6 mice with persistent disease
and BALB/c mice with mucosal healing were
consequences of IDO- and kynurenine-depend-
ent effects on colon-infiltrating Tregs.

Similar to that observed in animal models, serum
and fecal levels of kynurenine were increased in
patients with UC and mucosal healing, and both
negatively correlated with disease severity, serum
levels of CRP and concentration of fecal calpro-
tectin (Figure 6). These findings indicate that
measurement of kynurenine in the serum and
fecal samples of patients with UC could be used
as a new diagnostic approach for the prediction or
monitoring of mucosal healing in patients with

UcC.

Currently, measurement of fecal calprotectin is the
most commonly used stool-based test for assessing
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Figure 7. Increased serum and fecal levels of immunosuppressive kynurenine and interleukin (IL)-10 were
accompanied by increased presence of T-regulatory cells (Tregs] in the colons of patients with UC and mucosal
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Figure 7. (Continued)

healing. Increased serum (A) and fecal levels of IL-10 (B), significantly higher percentage of immunosuppressive Tregs (C), IL-10-
producing CD4+ T cells (D) and IL-10-producing CD56+ natural killer (NK) cells (E) and a notably lower percentage of inflammatory
interferon (IFN])-y-producing CD4+ T cells (F) and IL-17-producing CD56+ NK cells (G] were noticed in patients with UC and
mucosal healing compared with patients with UC and persistent disease. Representative dot plots are shown. Mean = standard

error of the mean; *p

< 0.05; **p < 0.01. FSC-H, forward scatter height.

progression of UC.#* Reduction in the concentra-
tion of fecal calprotectin represents the most relia-
ble predictor of mucosal healing in patients with
UC.¥ Nevertheless, the fecal calprotectin test
lacks a validated cutoff, optimal specificity and
accuracy, indicating the need for other stool-based
biomarkers to complement fecal calprotectin in
monitoring mucosal healing.#*  Correlation
between increased fecal levels of kynurenine
[Figure 6(K)] and decreased concentration of fecal
calprotectin [Figure 6(1L)] noticed in patients with
UC and mucosal healing indicates that measure-
ment of kynurenine in the fecal samples of patients
with UC could become a useful diagnostic tool
that can complement fecal calprotectin in monitor-
ing or predicting mucosal healing.

In the inflammatory microenvironment of the
gut, the balance between pro- and anti-inflamma-
tory cytokines regulates progression of UC
towards mucosal healing or chronic inflamma-
tion.*® Upregulation of DC-derived inflammatory
cytokines (IL-1B and IL-12) in injured colons
and their elevated concentration in serum sam-
ples follow the development of chronic colitis in
C57BL/6 mice, while increased serum levels of
immunosuppressive I1.-10 is accompanied by res-
toration of the mucosal barrier in BALB/c mice.!*
In line with these findings, BALB/c DCs, com-
pared with C57BL/6 DCs, had reduced capacity
for antigen presentation [Figure 2(D)] and
respond to specific (DSS) and general (LPS)
stimuli, mainly by producing immunosuppressive
kynurenine and IL-10 [Figure 2(D-G)].
Accordingly, mucosal healing noticed in BALB/c
mice was accompanied by increased serum levels
of kynurenine [Figure 1(G)], elevated serum lev-
els of IL-10 [Figure 1(J)], an increased number of
colon-infiltrating, IL-10-producing DCs [Figure
2(G)], decreased serum levels of IL-1f and IL.-12
[Figure 2(D)] and a decreased number of IL-1f3
and IL-12-producing DCs in the gut [Figure 2(E,
F)], indicating a negative correlation between the
serum levels of kynurenine and inflammatory
cytokines in DSS-treated mice.

Similar to that observed in DSS-induced colitis,
an increased concentration of kynurenine in the
serum and fecal samples of patients with UC and
mucosal healing was accompanied by decreased
serum and fecal levels of inflammatory cytokines
and elevation of anti-inflammatory IL.-10 (Figure
6). In human pathology, among inflammatory
cytokines, TNF-a and IL-17 are the most impor-
tant for progression of UC towards chronic
inflammation.*” Reduction of serum levels of
TNF-a predicts long-term remission of UC*® and
the use of anti-TNF-o biological agents repre-
sents the most effective therapeutic approach for
inducing mucosal healing in patients with UC.4°
Accordingly, downregulation of serum and fecal
levels of TNF-a, followed by decreased levels of
IL-17, are associated with achievement of
mucosal healing in patients with UC who receive
anti-TNF-ao biologics.’® Additionally, elevated
serum and fecal levels of TNF-o and IL-17 in
patients with UC are always accompanied by
increased production of CXCLI11, which is
important for recruitment of activated IFN-y- and
IL-17-producing T lymphocytes and NK cells in
the inflamed gut.>:52 Through the production of
IFN-y, gut-infiltrated T cells induce activation of
IDO, resulting in the conversion of tryptophan in
kynurenine that, in turn, increases expression of
the IL-10 receptor on intestinal epithelial cells,
enabling IL-10-dependent mucosal healing?3
mediated by IL-10-producing T cells which rap-
idly migrate to the injured colons where they
attenuate Th1l- and Th17-driven inflammation.>*
Accordingly, induction of mucosal healing is
manifested by downregulation of CXCLI11,
reduced influx of inflammatory cells and increased
presence of IL-10-producing anti-inflammatory
T and NK cells in the injured colons.?? In line
with these findings, increased serum and fecal
levels of kynurenine, observed in patients with
UC and mucosal healing [Figure 6(A, K)], cor-
related with elevated serum and fecal levels of
immunosuppressive IL-10 [Figure 7(A, B)] and
were accompanied by downregulated serum and
fecal levels of CXCL11 [Figure 6(J, O)], reduced
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presence of colon-infiltrating IFN-y-producing T
lymphocytes [Figure 7(F)] and IL-17-producing
NK cells [Figure 7(G)] and increased presence of
immunosuppressive IL-10-producing T lympho-
cytes, NK cells and Tregs [Figure 7(C-E)].

Tregs accumulate in the injured colons of DSS-
treated mice and are present at increased density
in the colon samples of patients with UC, where,
through the production of immunosuppressive
IL-10, they suppress IFN-y-producing Thl and
IL-17-producing Th17 cells, resolving ongoing
inflammation.>* Here, we have demonstrated that
Tregs are crucially important for the maintenance
of mucosal healing and recovery of BALB/c mice
from DSS-induced colitis, since their depletion
led to the significant aggravation of colitis (Figure
3). Importantly, adoptive transfer of BALB/c
DCs managed to increase the serum levels of
kynurenine [Figure 3(G)] in Treg-depleted DSS-
treated BALB/c mice which was accompanied by
the generation and enhanced presence of Tregs in
the colons of CY+DSS- and anti-CD25+DSS-
treated mice [Figure 3(H)], resulting in the atten-
uation of colon inflammation [Figure 3(B-D)].
These results strongly indicate that DCs pro-
moted expansion of colon-infiltrating Tregs in
DSS-treated BALB/c animals and induced
mucosal healing. It is well known that kynure-
nine, the product of DC-derived IDO, promotes
the expression of Treg lineage-defining transcrip-
tion factor FoxP3 in CD4+ T cells and enables
generation of Tregs.l? Indeed, increased IDO
activity, noticed in BALB/c DCs [Figure 2(B,
C)], was followed by significantly lower numbers
of Th1l and Th17 cells [Figure 2(I, ])] and a nota-
bly increased number of Tregs in the colons of
DSS-treated BALB/c mice [Figure 2(M)]. This
indicated that, in the injured gut, DCs in an IDO-
dependent manner promote conversion of inflam-
matory T cells in immunosuppressive Tregs,
enabling mucosal healing. Although macrophages
(particularly alternatively activated) and B cells
may express enhanced IDO activity,>> the highest
expression of IDO is, in the inflamed gut, noticed
in colon-infiltrating tolerogenic DCs.12 In line
with these findings, depletion of DCs completely
abrogated Treg-dependent mucosal healing in
DSS-treated BALB/cmice (Figure 5). Attenuation
of DSS-induced colitis in DC-depleted BALB/c
mice was observed when these animals received
DCs. Transfer of DCs was accompanied by a sig-
nificant increase in the serum levels of kynurenine
[Figure 5(D)] followed by a significantly higher

presence of colon-infiltrating Tregs in
DC-depleted DSS-treated BALB/c mice [Figure
5(E)]. Most importantly, suppression of IDO
activity in DCs completely abrogated their capac-
ity to promote expansion of immunosuppressive
Tregs and to induce mucosal healing in
DC-depleted DSS-treated BALB/c mice (Figure
5), confirming the crucial importance of
DC-derived IDO for expansion of Tregs and the
consequent induction and maintenance of
mucosal healing.

Interestingly, several studies have shown that
immunosuppressive Tregs are present in signifi-
cantly higher numbers in the intestines of patients
with UC than in healthy subjects.5%-38 Our find-
ings are in line with these results [Figure 6(A)], as
are data obtained by Nikolaus and colleagues,’
who noticed elevated serum levels of kynurenine
in patients with UC compared with healthy con-
trols. It is well known that immunosuppressive
Tregs represent a great fraction of lamina propria
CD4+ T cells in the colons of patients with UC
and that their number is increased during the
remission of disease.57 In line with these findings
were significantly increased serum and fecal levels
of kynurenine [Figure 6(A, K)], followed by an
increased presence of colon-infiltrating Tregs
[Figure 7(C)] that we noticed in patients with
UC and mucosal healing compared with patients
with UC and chronic persistent disease. This
confirms the importance of the IDO/kynurenine
pathway for the expansion of endogenous Tregs
during mucosal healing. Since the clinical appli-
cation of Tregs in patients with UC is not easy to
perform given their rarity in peripheral blood,>8
IDO-dependent expansion of endogenous Tregs
should be further explored as a potentially new
approach for the induction and maintenance of
mucosal healing in patients with UC. Since colon
epithelial cells exhibit an IDO-activity-dependent
proliferation phenotype, careful monitoring will
be important in clinical trials which are going to
investigate the therapeutic potential of agents that
will induce IDO expression in patients with UC.>°
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Role of indoleamine 2,3-dioxygenase .
in pathology of the gastrointestinal tract TsezaiaEsg
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Abstract: Indoleamine 2,3-dioxygenase (IDO) has the most important role in modulation of
tryptophan-dependent effects in the gastrointestinal tract, including modulation of intestinal
immune response. An increased IDO activity maintains immune tolerance and attenuates
ongoing inflammation but allows immune escape and uncontrolled growth of gastrointestinal
tumors. Accordingly, IDO represents a novel therapeutic target for the treatment of
inflammatory and malignant diseases of the gastrointestinal tract. In this review article, we
summarize current knowledge about molecular and cellular mechanisms that are involved
in IDO-dependent effects. We provide a brief outline of experimental and clinical studies
that increased our understanding of how enhanced IDO activity: controls host-microbiota
interactions in the gut; regulates detrimental immune response in inflammatory disorders
of the gastrointestinal system; and allows immune escape and uncontrolled growth of
gastrointestinal tumors. Additionally, we present future perspectives regarding modulation
of IDO activity in the gut as possible new therapeutic approaches for the treatment of
inflammatory and malignant diseases of the gastrointestinal system.
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inflammation, tryptophan
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Introduction

Tryptophan (TRP) is an essential amino acid
playing several important structural and func-
tional roles in the gastrointestinal tract.! TRP
functions as a biochemical precursor for serotonin
(5-hydroxytryptamine, 5-HT), melatonin and
niacin. Additionally, since TRP is abundant in
transmembrane domains of membrane-bound
proteins, it is essential for protein stability/assem-
blage to the phospholipid bilayer, playing an
important ‘anchoring’ role.? TRP is essential
nutrient, mammals are not able to synthesize it,
and it has to be obtained from the TRP-reach
foods (oats, milk, yogurt, cottage cheese, red
meat, eggs, fish, chocolate, etc.).> After food
digestion, TRP is absorbed by the gut epithelium
and then transported via the bloodstream to the
cells to be used for the synthesis and turn-over of
proteins.* Depending on their function and
metabolism, different cells require diverse, but
strictly defined amounts of TRP and, accordingly,

gastrointestinal

system, indoleamine 2,3-dioxygenase,

TRP absorption in the gut is a strictly controlled
process. Since, among all amino acids, TRP has
the lowest affinity for Na+-dependent transmem-
brane protein, expressed on the apical membrane
of intestinal enterocytes, this carrier molecule reg-
ulates TRP absorption in the gut and controls its
subsequent transport and biotransformation.>

TRP metabolism follows three major pathways:
(a) gut microbiota-dependent transformation of
TRP into several molecules, including ligands of
the aryl hydrocarbon receptor (AhR) that are able
to alter function of epithelial barrier and immune
homeostasis in the intestine; (b) TRP hydroxy-
lase-1-dependent regulation of 5-HT production
in enterochromaffin cells; (c) indoleamine
2,3-dioxygenase (IDO)l-mediated kynurenine
(KYN) pathway which plays a critical role in sev-
eral fundamental biological processes in the gut,
including regulation of epithelial cell viability and
modulation of immune response.!
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Figure 1. The kynurenine (KYN] pathway of tryptophan (TRP) metabolism.

L-TRP is metabolized in three separate biochemical pathways enabling protein and serotonin synthesis. The KYN-
dependent pathway begins when ID01/ID02/TDO catalyze L-TRP into N-formylkynurenine. N-formylkynurenine is

then transformed into L-KYN and formic acid by kynurenine formamidase. L-KYN is converted to anthranilic acid by
kynureninase or L-hydroxykynurenine by kynurenine hydroxylase. Hydroxylation of anthranilic acid results in generation

of L-hydroxykynurenine. Kynureninase converts L-hydroxykynurenine to 3-hydroxyanthranilic acid that is further
metabolized by hydroxyanthranilate dioxygenase to aminocarboxymuconic semialdehyde. Quinolinic acid and aminomuconic
semialdehyde are generated from the semialdehyde. Aminomuconic semialdehyde is then converted to picolinic acid or
glutaryl-coenzyme A (CoA) that is metabolized in the tricarbonic acid cycle and terminal oxidation.

IDO1, indoleamine 2,3-dioxygenase; TDO, tryptophan-2,3-dioxygenase.

In this review article, we summarize current
knowledge about molecular and cellular mech-
anisms that are involved in IDO/KYN-
dependent modulation of inflammatory and
malignant diseases of the gastrointestinal tract.
We provide a brief outline of experimental and
clinical studies that increased our understand-
ing of how IDO/KYN pathway: controls host—
microbiota interactions in the gut; regulates
detrimental immune response in inflammatory
disorders of gastrointestinal system; and allows
immune escape and uncontrolled growth of
gastrointestinal tumors. Additionally, we pre-
sent future perspectives regarding modulation
of IDO activity in the gut as a possible new
therapeutic approach for the treatment of
inflammatory and malignant diseases of the
gastrointestinal system.

The biochemical function and regulation of

IDO activity

Since TRP is found at very low concentrations in
the body, it plays a rate-limiting role in protein
synthesis and intracellular signaling.! Accordingly,
enzymes that regulate TRP metabolism and sign-
aling have a crucial role in regulation of its effects.!
Among them, IDO1 has the most important role
in modulation of TRP-dependent effects in the
gastrointestinal tract.®

IDO1, a cytosolic and heme-containing enzyme,
converts TRP to KYN by cleaving the 2,3-double
bond of the indole ring while a molecular oxygen
merges into the unsealed molecule.® The obtained
product, N-formylkynurenine, becomes rapidly
and spontaneously transformed into KYN. In the
next steps, KYN is further converted to other
active metabolites, such as 3-hydroxykynurenine
(3-HK), anthranilic acid, kynurenic acid
(KYNA), 3-hydroxyanthranilic acid (3-HAA),
picolinic acid and quinolinic acid (QA), which is
a precursor of nicotinamide adenine dinucleotide
(NAD +; Figure 1). Since two main end products
of the KYN pathway [NAD+ and adenosine
triphosphate (ATP)] are energy-carrying mole-
cules that fuel cellular metabolism, the IDO1/
KYN pathway has an important role in regulation
of cell viability and proliferation.®

In humans, IDO1 has an evolutionary paralog
(indolamine-2,3-dioxygenase 2; IDO2) and a
functional ortholog (tryptophan-2,3-dioxyge-
nase; TDO). Both IDO2 and TDO catalyze the
same biochemical reaction as IDO1 (Figure 1),
but these two enzymes have strict tissue specific-
ity: TDO is expressed only in the liver, where it
controls and regulates blood concentration of
TRP, while IDO2 is expressed at low levels in
the placenta and liver.5-8 On the contrary, IDO1
is expressed in a broad number of peripheral
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tissues, including the gastrointestinal tract.
Within the gastrointestinal system, IDO1 activ-
ity has been observed in epithelial cells, endothe-
lial cells, fibroblasts, mesenchymal stem cells
(MSCs), as well as immune cells, including pro-
fessional antigen-presenting cells [dendritic cells
(DCs), macrophages, B lymphocytes], natural
killer (NK) cells, activated monocytes and gran-
ulocytes, while lymphoid cells rarely express
IDO1.°

In addition to TRP catabolic activity, IDO1
protein is an important signal-transducing
molecule.’® IDO1 has two immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) which,
after phosphorylation, act as docking sites for dif-
ferent molecules, which either activate positive
(transcriptional) or induce negative (post-transla-
tional) modulation of IDO1 protein.!® Molecular
patterns that prolong IDO1’s half-life maintain
IDO1-mediated immunosuppression while mol-
ecules that shorten IDO1’s half-life, reduce
IDO1-dependent immunoregulatory effects and
promote inflammation.!°

The first discovery of IDO-dependent immu-
noregulatory effects was made in 1984 when
Pfefferkorn found that recombinant interferon
gamma (IFN-y) successfully inhibited growth of
Toxoplasma gondii in fibroblasts by inducing the
host cells to degrade tryptophan.!! Consequent
accumulation of toxic KYN metabolites (3-HK,
QA, 3-HAA) restricted the growth of this obligate
intracellular parasite, suggesting the importance
of IFN-y for activation of the IDO1/KYN path-
way.!! Binding of IFN-y to its receptor activate
Janus kinases (Jakl and 2) resulting in phospho-
rylation and dimerization of signal transducer and
activator of transcription 1 (STAT1) that enters
the nucleus to induce transcription of IFN-
y-stimulated genes. Mammalian IDO1 gene
promoters possess IFN-y-stimulated-response
elements and IFN-y-activated sites, enabling
IFN-y-mediated induction of IDO1 expression. 1213
The transcriptional factor DAP12 regulates IFN-
y-induced IDOI1 transcription, while suppressor
of cytokine signaling (SOCS)-3 targets IDO1
protein for proteasomal degradation.!3-15 A broad
number of i vitro and in vivo studies confirmed
that IFN-y is the most potent activator of
IDO1 activity, although IFN types I [IFN alpha/
beta (IFN-o/B)], tumor necrosis factor alpha
(TNF-a), lipopolysaccharide (LPS), toll-like
receptor 7 (TLR7) and TLRO ligands or even

anti-inflammatory cytokines [interleukin (IL)-10
and transforming growth factor beta (TGF-p)]
may induce enhanced IDO1 expression.!6-19

IDO1/KYN-dependent modulation of

immune cells

Initially, increased IDO1 activity and consequent
accumulation of KYN metabolites were consid-
ered only an important mechanism for the regula-
tion of cellular metabolism due to their effect on
generation of NAD+ and ATP.20 Nevertheless,
results obtained in a large number of preclinical
studies demonstrated that IDO1-dependent TRP
starvation and accumulation of 3-HAA, KYNA,
QA and 3-HK directly inhibit proliferation of
activated T and B lymphocytes, contributing to
attenuation of the adaptive immune response
[Figure 2(a)].?!-23 Interestingly, IFN-y-producing
Th1 cells were more susceptible to IDO1-induced
apoptosis compared with IL-4-producing Th2
cells.2* This, KYN-dependent selective apoptosis
of Thl cells involves a Fas-independent mecha-
nism: activation of caspase-8 and the release of
cytochrome ¢ from mitochondria.?* Since IFN-y
is the main activator of IDO1, IDO1/KYN-
induced selective apoptosis of IFN-y-producing
Th1 cells could represent a compensatory mecha-
nism responsible for the maintenance of Th1/Th2
balance and peripheral lymphocyte homeostasis.

IDO1 is crucially important for the crosstalk
between DCs and immunosuppressive T-regulatory
cells (Tregs).?>2¢ Through the increased IDO1
activity, DCs promote generation and expansion of
Tregs, enabling induction and maintainance of
immune tolerance [Figure 2(b)].2%26 During the
interaction with naive T cells, DCs, in an IDO1-
dependent manner, generate KYN, which pro-
motes expression of Treg lineage-defining
transcription factor (forkhead box P3, FoxP3) in
cluster of differentiation 4+ (CD4+)T cells,
enabling generation of immunosuppressive
CD4+FoxP3+Tregs.!?

During initial TCR-mediated activation of resting
Tregs, signals via the protein kinase B (PKB/Akt)
and mammalian target of rapamycin (mTOR)
pathways can potentially destabilize the immu-
noregulatory phenotype of Tregs and cause their
reprogramming into a pro-inflammatory helper-
like phenotype (‘ex-Tregs’), characterized by
enhanced production of inflammatory cytokines.
A low level of TRP in the local microenvironment
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Figure 2. IDO1/KYN-dependent modulation of immune cells.

(a) IDO1-dependent TRP starvation and accumulation of 3-HAA, KYNA, QA and 3-HK directly inhibits proliferation of
activated T and B lymphocytes; (b) through the increased IDO1 activity, DCs promote generation and expansion of Tregs,
enabling induction and maintenance of immune tolerance; (c] an increased IDO1 activity in TGF-B-stimulated murine

pDCs results in formation of an intracellular scaffold that binds SHP-1 and SHP-2 enabling conversion of CD4+T cells into
immunosuppressive Tregs; (d] IDO1 prevents conversion of FoxP3+Tregs in the inflammatory process and Th17 cells in the
lymph nodes; (e) Tregs suppress IFN-y-producing Th1 and IL-17-producing Th17 cells, and attenuate inflammation; and (f)
through the activation of AhR, IDO1-derived KYN activates Akt and MAPK p38 signaling pathways in mast cells resulting in
massive degranulation and release of leukotrienes and prostaglandins.

IDO1, indoleamine 2,3-dioxygenase; KYN, kynurenine; TRP, tryptophan; 3-HAA, 3-hydroxyanthranilic acid; KYNA, kynurenic
acid; GCN2, general control nonderepressible 2; QA, quinolinic acid; PA, ; 3-HK, 3-hydroxykynurenine; DCs, dendritic cells;
Tregs, T-regulatory cells; TGF-P, transforming growth factor beta; pDC, plasmacytoid DC; SHP, Src-homology-region-2-
domain-containing phosphatase; CD4+, cluster of differentiation 4+; FoxP3, forkhead box P3; Th17, T-helper cell 17; IFN-y,
interferon gamma; IL, interleukin; AhR, aryl hydrocarbon receptor; Akt, protein kinase B; MAPK, mitogen-activated protein

kinase; PKD-1, ; PLCy1, ; CTLs, cytotoxic T cells.

activates stress-response pathways, including
activation of general control nonderepressible 2
(GCN2) kinase and suppression of Akt/
mTOR2 signaling.?”28 Accordingly, in order to
prevent transdifferention of Tregs in inflamma-
tory CD4+T cells in the inflammed gut, intestinal
regulatory DCs produce IDO1 that induces low
TRP levels, enabling activation of GCN2 kinase
and consequent inhibition of Akt/mTORC?2 sign-
aling in Tregs.!3 In a similar manner, an increased
IDO1 activity and activation of GCN2 kinase is
responsible for the downregulation of the TCR
zeta-chain in activated CD8+ cytotoxic T cells
(CTLs) resulting in inappropriate antigen recog-
nition and reduced cytotoxicity of CTLs.23

In addition to direct immunosuppressive effects
on activated T cells, IDO1 was involved in intra-
cellular signaling events responsible for the self-
amplification and maintenance of a stably
regulatory phenotype in plasmacytoid DCs
(pDCs). These pDCs are an important cellular

source of IFN type I that are able to induce
enhanced expression of IDO1 and promote expan-
sion of Tregs.2° This process is, at least partially,
regulated through the activation of the AhR.1030
IDO1-mediated degradation of TRP yields a
series of KYN catabolites that act as ligands for
AhR.10:30 Binding of KYN catabolites to AhR
induces conformational changes of AhR that pro-
motes its nuclear translocation.!® In the nucleus,
AhR induces enhanced transcription of target
genes, including FoxP3.3! Accordingly, IDO1/
KYN-dependent activation of AhR results in
increased generation of FoxP3+Tregs, contribut-
ing to creation of the immunosuppressive micro-
environment.1030-32  Additionally, an increased
IDO1 activity in TGF-f-stimulated murine
pDCs resulted in formation of an intracellular
scaffold that binds Src-homology-region-2-domain-
containing phosphatase (SHP)-1 and SHP-2,
enabling conversion of CD4+T cells into immu-
nosuppressive Tregs [Figure 2(c)].3? In the lymph
nodes, IDO1 prevents conversion of FoxP3+Tregs

journals.sagepub.com/home/tag


https://journals.sagepub.com/home/tag

A Acovic, M Gazdic et al.

in the inflammatory process, IL-17-producing
Th17 cells [Figure 2(d)], resulting in the increased
accumulation of immunosuppressive Tregs in
peripheral tissues.?* In the inflammed tissues,
Tregs, through the production of immunosuppres-
sive IL-10 and TGF-f, suppress IFN-y-producing
Thl and IL-17-producing Th17 cells and resolve
ongoing inflammation [(Figure 2(e)].?5

In addition to the modulation of adaptive immu-
nity, IDO1/KYN pathways regulate function of
innate immune cells. IDO1 promoted conversion
of inflammatory M1 macrophages into alterna-
tively activated I1.-10 and TGF-B-producing M2
macrophages resulting in creation of the immuno-
suppressive microenvironment.3* Through the
activation of AhR, IDO1-derived KYN activates
Akt and mitogen-activated protein kinase (MAPK)
p38 signaling pathways in mast cells, resulting in
massive degranulation and release of leukotrienes
and prostaglandins (PG) [Figure 2(f)].3> Among
them, PGE2 was particularly important for IDO1-
based suppression of cytotoxic NK cells.3¢

IDO1-dependent modulation of

inflammatory diseases of the

gastrointestinal tract

Since the IDO1/KYN pathway regulates immune
response, its role in the pathogenesis of inflam-
matory diseases of the gastrointestinal tract has
been explored in a large number of experimental
and clinical studies.

Several research groups demonstrated IDO-
mediated attenuation of inflammation in the oral
cavity.3”%2 Increased IDOI1 expression was
detected in gingival fibroblasts, gingiva-derived
MSCs (G-MSGCs), dental-pulp-derived MSCs
(DP-MSCs), periodontal-ligament stem cells
(PDL-SCs) and DCs that infiltrated inflammatory
lesions in the oral cavity. IDOI1 is constitutively
expressed in human gingiva, and its expression was
upregulated in chronic periodontitis.*> As first
indicated by Nisapakultorn and coworkers*? and
later confirmed by several other groups,3’-4° bacte-
rial products and inflammatory cytokines were
mainly responsible for an increased IDO1 expres-
sion in periodontitis lesions. LPS and IFN-y-
activated gingival fibroblasts, G-MSCs, DP-MSCs,
PDL-SCs and DCs produce IDO1 that, in a
KYN-dependent manner, suppressed expansion
of inflammatory CD4+T-bet+IFN-y-producing
Thl and CD4+ RORyT+IL-17-producing Th17

cells by promoting their conversion to Tregs, cre-
ating an immunosuppressive microenvironment in
the oral cavity that resulted in attenuation of ongo-
ing inflammation.3740 Similarly, in an IDOI1-
dependent manner, MSCs obtained from
periapical lesions (PL-MSCs) were able to induce
a generation of tolerogenic phenotype in DCs
which, due to the poor allostimulatory activity,
induced anergy of effector Th1 cells and promoted
generation of Tregs.#! In line with these findings
are results obtained by Lewkowicz and colleagues,
who investigated molecular mechanisms responsi-
ble for Treg-based attenuation of recurrent aph-
thous stomatitis (RAS) and concluded that IDO
was crucially important for the maintenance of
immune tolerance in this chronic T-cell-driven
inflammatory disease.*> Decreased constitutive
expression of IDO in oral mucosa of RAS patients
resulted in impaired generation and function of
Tregs. The total number of immunosuppressive
Tregs in peripheral blood of RAS patients was sig-
nificantly lower compared with healthy subjects.
Additionally, Tregs from RAS patients were not
able to optimally suppress production of inflam-
matory, pro-Thl cytokines (IFN-y, TNF-a, IL.-2)
in effector T cells. Thus, reduced IDO activity
resulted in the loss of Treg-dependent immune
tolerance, enabling T cell-mediated damage of the
epithelium and the development of oral ulcers in
RAS patients.42

Results recently obtained by Larussa and col-
leagues,** suggest an important role of the IDO1/
KYN signaling pathway in the pathogenesis of
Helicobacter pylori infection and H. pylori-associ-
ated gastritis. The analysis of gastric biopsy sam-
ples obtained from 42 patients who underwent
upper gastrointestinal endoscopy revealed signifi-
cantly enhanced IDO1 expression in H. pylori-
infected patients compared with uninfected
subjects. It is well known that activation of IFN-
v-producing Thl and IL-17-producing Thl7
cells contribute to the efficient eradication of H.
pylori  infection.®5%6  Accordingly, H. pylor:
enhances its own survival in human gastric
mucosa by downregulating expression of T-bet,
resulting in attenuated Th1 immune response. 4445
Since IDO1 inhibition notably increases the
expression of T-bet, IFN-y and IL.-17 messenger
ribonucleic acid (mRNA) in gastric samples of H.
pylori-infected patients, Larussa and colleagues
concluded that immunological escape imple-
mented by H. pylori involves the increased IDO1
activity that downregulates Th1/Th17 immune
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response and induces immune tolerance, ena-
bling long-term colonization of H. pylori in gastric
mucosa and consecutive development of H.
pylori-associated gastritis.4*

IDOT-dependent modulation of inflammatory
bowel diseases

IDOI1 is expressed in the normal colon and is
upregulated in the setting of colitis.4” An increased
IDO1 expression has been observed in inflamed
colons of experimental animals and in patients
suffering from inflammatory bowel diseases
(IBDs).?5474% Pharmacological inhibition or
genetic deletion of IDOI1 resulted in increased
mortality of 2,4,6-trinitrobenzene sulfonic acid
(TNBS)- or dextran sodium sulfate (DSS)-
treated experimental animals.25:4748 Conversely,
increased IDO1 activity and elevated serum levels
of KYN were accompanied with increased
presence of immunosuppressive Tregs in the
injured gut, resulting in the attenuation of colon
inflammation.5° Enhanced IDO1 activity was
noticed in colon-infiltrating immune cells and
in colon epithelial cells of IBD patients and sig-
nificantly decreased after treatment with ster-
oids and salicylates.?! Wolf and colleagues were
first to show increased production of IDOI1 in
CDI123(+) mononuclear cells infiltrating the
submucosal areas of the inflamed lesions.>?
Furuzawa-Carballeda and coworkers further ana-
lyzed IDO1 expression in colonic biopsies of IBD
patients and confirmed that the main producer of
IDOI1 in inflamed gut was CD123+pDCs that
counterbalance the tissue-damaging effects of
activated T cells.® Increased IDOI1 activity was
also observed in regulatory CD8a-positive pDCs.
Additionally, several other subpopulations of
CD16+/CD56+/CD80+IDO1-producing regu-
latory DCs were noticed in the colons of IBD
patients,® while CD103+DCs were considered as
the main cellular source of IDO in mice.?> Human
CD123+/IDO+ pDCs constitute only 0.2—0.8%
of peripheral blood cells and are recruited from
the peripheral blood in the inflamed gut in order
to induce tolerance.® IDO1-producing DCs pos-
sess an exclusive TLR repertoire, characterized
by high expression of TLR7 and TLR9. TLR7
agonist simultaneously activates IDO1/KYN
signaling pathway in colon-infiltrating DCs,>3
while induction of IDO1 by a TLR-9 agonist,
immunostimulatory DNA, led to the attenuation
of experimental colitis in mice.5* Importantly,
IFN-y/STAT-1 signaling was crucially important

for enhanced IDO1 activity in DCs since IDO1
could not be induced in colon-infiltrating DCs of
STAT-1 deficient mice.>* Enhanced Thl immune
response and elevated concentration of IFN-y in
the gut promoted IDO1 expression in
CD103+DCs, while enhanced Th2 immune
response and high concentration of IL.-4 inhibited
IDO1 activity in gut DCs.?> Human CD123+/
IDO+ pDCs and murine CD103+DCs produce
large amounts of IDO1 which promote conver-
sion of effector Thl and Th17 cells in Tregs,
enabling creation of the immunosuppressive
microenvironment in the gut.255° Tregs, in a
CTLA-4 and IL-10-dependent manner, suppress
activation of gut-infiltrated Th1l and Th17 cells,
contributing to the attenuation of colitis.>” We50
and others#%:58 noticed significantly higher serum
and fecal levels of KYN and higher presence of
IDO-producing DCs and Tregs in the lamina pro-
pria of IBD patients compared with healthy sub-
jects that might represent a compensatory
mechanism for functional induction of tolerance
in active IBD, due to the increase in absolute
number of colon-infiltrating, IFN-y-producing
Thl and IL-17-producing Thl17 inflammatory
cells.

In inflamed mucosa of IBD patients, increased
IDO1 activity was observed in colon epithelial
cells, particularly at borders of crypt abscesses or
at sites where epithelial cells flanked ulcers, sug-
gesting involvement of the IDO1/KYN pathway
in the repair process of mucosal healing.>® In line
with these observations are our recently pub-
lished results®® that indicate the importance of
IDO1-dependent expansion of endogenous
Tregs as a possible new therapeutic approach for
the induction of mucosal healing. We demon-
strated that colon-infiltrating DCs, through the
production of KYN, induced expansion of Tregs
that promote mucosal healing in the injured
colons.?9 Both IDO1-producing DCs and immu-
nosuppressive Tregs were crucially important
for the maintenance of mucosal healing and
recovery from DSS-induced colitis, since deple-
tion of each cell population led to the significant
aggravation of disease.’? Keeping in mind that
clinical application of Tregs in IBD patients is
not easy to perform given their rarity in periph-
eral blood,% we propose that IDO1-dependent
expansion of endogenous Tregs should be fur-
ther explored as a potentially new approach for
the induction and maintenance of mucosal heal-
ing in IBD patients.
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In addition to the potential therapeutic applica-
tion, measurement of IDO1 activity can be used
for the monitoring of mucosal healing in IBD
patients. Currently, measurement of fecal calpro-
tectin is the most commonly used stool-based test
for assessing progression of ulcerative colitis
(UC),51 and reduction in concentration of fecal
calprotectin represents the most reliable predictor
of mucosal healing in UC patients.®2 Nevertheless,
the fecal calprotectin test lacks a validated cutoff,
optimal specificity and accuracy, indicating
the need for other stool-based biomarkers to
complement fecal calprotectin in monitoring
mucosal healing.! Our recently obtained
results®® demonstrated increased serum and fecal
levels of KYN in UC patients with mucosal heal-
ing compared with UC patients who had chronic,
persistent disease. Both serum and fecal levels of
KYN negatively correlated with disease severity
and concentration of fecal calprotectin, indicating
that measurement of KYN in serum and fecal
samples of UC patients could be considered as a
useful diagnostic tool that can complement fecal
calprotectin in monitoring or predicting mucosal
healing.50

In addition to its effect on DCs and Tregs’ cross-
talk, IDO1 exerts antimicrobial effects in colon
epithelium, as well. Since increased IDO1 expres-
sion was mainly observed in the vicinity of inter-
ruptions of the epithelial barrier where bacterial
invasion is more pronounced, IDOIl-mediated
depletion of TRP might be an important mecha-
nism for the elimination of TRP-dependent micro-
organisms.>® Additionally, IDO1 regulates immune
response to the gut commensal microbiota%3? and
plays an important role in the interaction between
probiotics and the intestinal immune system.%*
Zhao and colleagues recently demonstrated that
Bifidobacteria induced enhanced IDO1 expres-
sion in colon-infiltrating DCs resulting in expan-
sion of Tregs and attenuation of TNBS-induced
colitis.%*

It is well known that MSCs are, due to their
immunomodulatory characteristics, considered
as new therapeutic agents in the cell-based
therapy of IBD.%%:66 Several recently published
studies emphasized the crucial importance of
MSC-derived IDO1 for the expansion of colon-
infiltrating Tregs and the attenuation of colon
inflammation,3%:7 further indicating therapeu-
tic potential of IDO1 in the therapy of IBD.

The role of IDO1 in the development and
progression of gastrointestinal tumors

Since increased IDO1 activity in tumor-infiltrat-
ing immune cells reduces availability of essential
amino acid TRP for tumor cells, IDO1 has been
originally considered an enzyme with strong anti-
cancer potential.® Nevertheless, with the discov-
ery of IDO1-based immunosuppression, the
procancer activity of this enzyme has been docu-
mented in a large number of preclinical and clini-
cal studies and nowadays, IDO1 is considered
one of the main therapeutic targets in cancer
diagnostics and therapy.5-68

IDOI1 is overexpressed in primary and metastatic
gastrointestinal tumors that use IDO1-dependent
immunosuppression to attenuate antitumor
immunity and to promote tumor growth and pro-
gression.® Paradoxically, the activity of the anti-
tumor immune response in the gut, which is
elicited to eleminate malignant cells and to pre-
vent tumor growth and progression, promotes the
formation of the highly aggressive IDOI-
expressing gastrointestinal tumors.’”® The immu-
nosuppressive properties of the developing tumor
are established during the process of ‘immunoed-
iting’ that involves changes in the genetic back-
ground of malignant cells during the three
consecutive phases called the ‘elimination,’ ‘equi-
librium,’ and ‘escape’ stages (Figure 3).% During
the first phase of tumor surveillance (‘elimination
stage’), when most malignant cells are efficiently
recognized and destroyed by the cytotoxic effects
of NK and CD8+T cells, IDO1 is produced at
very low levels within the tumor microenviron-
ment and inhibits tumor proliferation by reducing
TRP concentration. During the ‘equilibrium
stage,” surviving tumor cells become ‘edited’ by
the continuous attack of the immune cells, accu-
mulate mutations and enhance their capacity to
evade immune response, mainly by increasing
expression and activity of immunosuppressive
enzymes, including IDO1.7! Finally, during the
last ‘escape stage’ of ‘immunoediting’, malignant
cells increase IDO1 activity, leading to the ele-
vated KYN production, enabling efficient sup-
pression of effector CD4+Thl and Thl7
lymphocytes, CTLs and NK cells. Additionally,
the IDO1/KYN pathway induces expansion of
Tregs and myeloid-derived suppressor cells, cre-
ating an immunosuppressive tumor microenvi-
ronment that supports tumor growth and
progression.%7!1 Accordingly, IDO1 positivity is
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Figure 3. The role of IDO1 in the ‘immunoediting” of tumor cells.
During the first phase of tumor surveillance (‘elimination stage’), when most malignant cells are efficiently recognized

and destroyed by the cytotoxic effects of NK and CD8+T cells,

IDO1 is produced at very low levels within the tumor

microenvironment and inhibits tumor proliferation by reducing TRP concentration. During the "equilibrium stage’,

surviving tumor cells become ‘edited’ by the continuous attack of the immune cells, accumulate mutations, and enhance
their capacity to evade immune response, mainly by increasing expression of IDO1. Finally, during the last ‘escape stage’

of ‘immunoediting’, malignant cells increase IDO1 activity, leading to the elevated KYN production, enabling efficient
suppression of effector CD4+Th1 and Th17 lymphocytes, CTLs and NK cells.

NK, natural killer cells; CD, cluster of differentiation; IDO1, indoleamine 2,3-dioxygenase; TRP, tryptophan; KYN, kynurenine;

CTLs, cytotoxic T cells; Th, T-helper cells.

strongly associated with multidrug resistance of
gastrointestinal tumors and inversely correlates
with patient survival.72-81

An increased IDO1 expression was detected in
malignant tumors of the oral cavity.’27¢ IDO1
expression positively correlated with progression
of oral squamous cell carcinoma (OSCC) and
negatively correlated with overall survival rate of
patients who suffered from OSCC.72 Seppild and
coworkers showed that IDO1 promotes growth of
tongue squamous cell carcinoma (TSCC) cells
by enabling their escape from the immune
surveillance.” Similar conclusions were made by
Kuales and colleagues who showed that DCs,
located in the border between the squamous cell
carcinoma of the lower lip (SCC-LL) and the
inflammatory infiltrate, through the production
of IDO1, create immunosuppressive microen-
vironment enabling immune escape and uncon-
trolled growth of malignant cells.”* An increased
IDO1 activity correlated with poor survival of
patients with malignant diseases of the oral

cavity”? suggesting IDO1 as potential therapeutic
target for enhancement of antitumor immune
response in the oral cavity.

An incresed IDO1 expression was observed in
esophageal tumors, as well.”>-77 Sakurai and col-
leagues” have reported increased expression of
IDO1 at the mRNA level in the peripheral blood
and in tumor samples of patients suffering from
esophageal squamous cell carcinoma (ESCC). In
line with these findings, Jia and associates found a
negative correlation between IDOI1 expression
and clinical outcome of ESCC patients.”® Most
recently, by analyzing tumor samples obtained
from 50 ESCC patients, Cui and coworkers
noticed enhanced IDO1 activity in tumor-associ-
ated fibroblasts and endothelial cells,”” support-
ing the hypothesis that in addition to tumor cells,
stromal and endothelial cells are also able, in an
IDO1-dependant manner, to create an immuno-
suppressive environment in esophageal tumors,
contributing to the poor prognosis of IDO1-
positive ESCC patients.

journals.sagepub.com/home/tag


https://journals.sagepub.com/home/tag

A Acovic, M Gazdic et al.

IDOI1 plays an importnat role in suppression of
CTLs in gastric cancer and, accordingly, it was
recently proposed as a new, negative prognostic
biomarker for overall survival of gastric cancer
patients.”8-82 Cytotoxicity and capacity for prolif-
eration of CTLs, obtained from gastric cancer
patients, were significantly attenuated when these
cells were cocultured with IDO1 overexpressing
human gastric cancer BGC-823 cells.”® An addi-
tion of 1-methyl-tryptophan, a competitive inhib-
itor of IDO1, to the CTLs (BGC-823 culture)
completely restored antitumor properties of
CTLs, confirming the importance of IDO1 for
suppression of CTLs.”8 Additionally, several lines
of evidence indicate that gastric-cell-derived
IDO1 reduces the capacity of DCs to promote
generation of memory CD4+ and CD8+T cells.
Significantly lower number of activated DCs,
CD4+ and CD8+ memory T cells were noticed
in tumor tissues obtained from gastric cancer
patients with increased IDO1 activity.”%:80 This
phenomenon was associated with deeper tumor
invasion, massive lymph-node metastasis and
poor clinical prognosis.”®8% In order to analyze
the prognostic value of IDO1 expression in gas-
tric cancer, Nishi and colleagues analyzed IDO1
expression in 60 patients who underwent curative
gastrectomy for stage III gastric cancer and con-
firmed that overall survival rate was significantly
lower in the IDOI1 positive group of patients.
This finding correlated with massive infiltration
of immunosuppressive Tregs within the tumors,
confirming that enhanced IDO1 expression
resulted with the creation of an immunosup-
pressive microenvironment, leading to poor
prognosis.82 In line with these findings are results
obtained by Liu and coworkers who examined
correlation between overall survival rate and
intratumoral IDO1 expression in 357 patients
with gastric adenocarcinoma who underwent
gastrectomy.8! An increased expression of IDO1
was associated with poor postoperative clinical
outcome, confirming that IDO1 could be consid-
ered as a new, valuable, negative prognostic bio-
marker for estimation of overall survival of patients
with gastric cancer who underwent gastrectomy.8!

Several lines of evidence demonstrated the crucial
importance of IDO1/KYN signaling for the devel-
opment of colon cancer.®3-8° IDO1 regulates via-
bility and proliferation of colon cancer cells,
promotes progression of preneoplastic cells in
neoplastic lesions and plays an important immu-
nomodulatory role in antitumor immunity in the

colon.83-85 Inhibition of IDO1 activity in colon
cancer cells decreased the transcription of
CDC20, resulting in G2/M cycle arrest®3 and
reduced nuclear, activated B-catenin and transcrip-
tion of its target genes (cyclin D1 and Axin2).84
Importantly, mitosis of IDO1-suppressed colon
cancer cells was completely restored by KYN,
suggesting IDO1-derived KYN as a crucially
important mediator for the proliferation of colon
cancer cells.?3:8¢ In addition to mitotic cell death,
long-term exposure to IDOI1 inhibitor induced
mitochondrial injury and caspase-dependent
apoptosis of colon cancer cells, confirming the
significance of IDO1 for viability of colon cancer
cells.83 These data were confirmed i vivo, as
well.83-85 Upregulation of IDO1 activity was
observed in the azoxymethane (AOM)-induced
colonic preneoplastic lesions, while use of IDO1
inhibitor significantly decreased the total number
of aberrant crypt foci and B-catenin-accumulated
crypts that overexpressed IDO1.85 By wusing
IDO1-deficient mice and an animal model of
AOM/DSS-induced colon cancer, Liu and col-
leagues®? and Thaker and coworkers8* confirmed
the crucial importance of IDO1 in colon carcino-
genesis. IDO1-deficient mice harbored fewer
tumors that had a higher number of tumor-infil-
trating CTLs and a lower number of immuno-
suppressive Tregs in comparison with wild-type
tumor-bearing animals. Interestingly, IDOI1
inhibitor managed to prevent the development of
colon cancer in Ragl-deficient mice (who lacked
T cells), indicating that IDO1 inhibition could
suppress cancer development by inducing cell-
cycle arrest of colon cancer cells, independent of
affecting T-cell-based antitumor immunity.83 In
addition to these findings, Takamatsu and col-
leagues investigated the effects of genetic deletion
of IDO1 on adaptive immune response to colon
cancer and noticed that IDO1 deficiency signifi-
cantly altered cellular make up and cytokine net-
work in the colon tumor microenvironment in a
similar manner as in all other gastrointestinal
tumors.?® A remarkable decrease in the total
number of tumor-infiltrating Tregs and signifi-
cantly increased mRNA expression of pro-inflam-
matory cytokines (IFN-y and TNF-a) was
observed in the colon tumor microenvironment
of IDO1-deficient tumor-bearing mice,3% leading
to the conclusion that IDO1 activation in colon
cancer has two complementary functions: accel-
eration of colon cancer cell proliferation and
induction of Treg-mediated immune tolerance.
In line with these conclusions are findings recently
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reported by Ito and colleagues, who demon-
strated that inhibition of IDOI1 activity could
enhance the therapeutic efficacy of TLR7 ago-
nist, which has already been approved for clinical
use. Intratumoral injection of TLR7 agonist and
simultaneous inhibition of IDO1 activity signifi-
cantly increased presence of tumor-infiltrating
activated DCs, CTLs and enhanced mRNA
expression of pro-Thl cytokines (IL-12, IFN-y,
IL-2) in colon cancers, leading to the suppres-
sion of established colon cancer growth in
21v0.53 Crucial importance of DC-derived IDO1
for attenuation of antitumor immune response
against colon cancer cells was also confirmed in a
study conducted by Yen and colleagues, who
silenced IDO1 expression in the skin DCs of
tumor-bearing mice and elicited an effective
CD4+ and CD8+ T-cell-based antitumor
immunity, resulting in inhibited colon cancer
growth and prolonged survival of experimental
animals.87 Additionally, Brandacher and cowork-
ers showed significant correlation between
increased IDO1 expression in colon cancer cells
and poor prognosis of patients suffering from this
disease.®8 In order to evaluate whether monitor-
ing of IDO1 activity in colon cancer patients
could be used in diagnosis and therapy, Cavia-
Saiz and coworkers measured the plasma con-
centration of L-KYN in 78 colon cancer patients
(stage I-IV) and compared it with that in a con-
trol group of 70 healthy subjects.8 Overall sur-
vival analysis after 45months of follow up
revealed an increased survival rate of colon can-
cer patients who had low plasma levels of
L-KYN,8 suggesting that elevated concentration
of L-KYN in plasma could be used as a bio-
marker to differentiate individuals with colorec-
tal cancer from healthy individuals.

Anticancer therapy with IDO1 inhibitors:
opportunity or additional risk for patients with
gastrointestinal tumors?

Several pharmacological IDO1 inhibitors (epaca-
dostat, indoximod, navoximod) are currently
being explored as anticancer agents in the ther-
apy of solid tumors with the aim of reducing
IDO1-dependent immunosuppression in the
tumor microenvironment and enabling improved
tumor surveillance and enhanced antitumor
immune response (Table 1).90-94 Antineoplastic
effects of IDO1 inhibitors were based on inhibi-
tion of IDO1 transcription and translation and
on suppression of TRP transport across the cell

membrane.?0-93 As expected, IDOI1 inhibitors
significantly decreased the serum level of KYN,
followed by alterations of immune response.®!
Accordingly, preliminary results obtained in sev-
eral clinical trials indicated severe side effects of
indoximod treatment, such as immunosuppres-
sion, accompanied by an increased risk for recur-
rent infections, gastrointestinal hemorrhage,
decreased appetite, nausea, vomiting, cough, ane-
mia, fatigue and hyperglycemia.®’-%3 Similar
adverse effects were noticed in patients receiving
navoximod or epacadostat.®4% Importantly, the
only observed beneficial effect of single-agent
IDO1 inhibition was prolonged stable disease.%%%>
Accordingly, many clinical trials have been initi-
ated with the aim of exploring whether combined
therapy of IDO1 inhibitors and chemotherapeu-
tic agents, checkpoint inhibitors or immunostim-
ulatory drugs will manage to reduce growth and
progression of solid tumors (Table 1).

It should be kept in mind that no IDO1 inhibitors
have been tested in patients with gastrointestinal
tumors. IDO1 is crucially important for the regu-
lation of immune tolerance in the gut. Accordingly,
pharmacologic inhibition of IDO1 may affect
intestinal immune response and it is highly
expected that suppression of IDO1 activity in the
gut will increase sensitivity of cancer patients to
colitis.?® These safety concerns must be explored
in detail in experimental studies before IDOI1
inhibitors can be approved in the therapy of gas-
trointestinal tumors.

Conclusion

IDO1-dependent control of TRP metabolism is a
highly versatile regulator of innate and adaptive
immune responses, playing an important role in
the pathogenesis of inflammatory and malignant
diseases of the gastrointestinal tract. The IDO1/
KYN pathway has an important immunoregula-
tory role in the gut, providing homeostatic bal-
ance between immunity and tolerance. An
increased IDO1 activity maintains immune toler-
ance and attenuates ongoing inflammation but
allows immune escape and uncontrolled growth
of gastrointestinal tumors. Accordingly, the
IDO1/KYN pathway represents a novel thera-
peutic target for the treatment of inflammatory
and malignant diseases of the gastrointestinal
tract, and consequences of its activation and inhi-
bition should be further explored in future experi-
mental and clinical studies.
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Crosstalk Between Mesenchymal Stem
Cells and T Regulatory Cells Is Crucially

Important for the Attenuation of Acute

Liver Injury
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One of the therapeutic options for the treatment of fulminant hepatitis is repopulation of intrahepatic regulatory cells
because their pool is significantly reduced during acute liver failure. Although it is known that mesenchymal stem cells
(MSCs), which have beneficent effects in the therapy of fulminant hepatitis, may promote expansion of regulatory T cells
(Tregs) and regulatory B cells (Bregs), the role of these regulatory cells in MSC-mediated attenuation of acute liver injury
is unknown. Herewith, we described the molecular mechanisms involved in the crosstalk between MSCs and liver regula-
tory cells and analyzed the potential of MSC-based therapy for the expansion of intrahepatic regulatory cells in mouse
model of acute liver failure. MSC-dependent attenuation of a-galactosylceramide (x-GalCer)-induced acute liver injury in
mice was accompanied with an increased presence of interleukin (IL) 10-producing CD4*CD25" forkhead box P3™*
Tregs and IL10- and transforming growth factor f—producing marginal zone-like Bregs in the liver. Depletion of Bregs
did not alter MSC-based alleviation of acute liver failure, whereas depletion of Tregs completely abrogated hepatoprotec-
tive effects of MSCs and inhibited their capacity to attenuate hepatotoxicity of liver natural killer T cells (NKTs), indicat-
ing that Tregs, and not Bregs, were critically involved in MSC-based modulation of acute liver inflammation. MSCs, in a
paracrine, indoleamine 2,3-dioxygenase—dependent manner, significantly increased the capacity of Tregs to produce immu-
nosuppressive I1L10 and to suppress hepatotoxicity of liver NKT's. Accordingly, adoptive transfer of MSC-primed Tregs
resulted in the complete attenuation of a-GalCer-induced acute liver failure. In conclusion, our findings highlighted the
crucial importance of Tregs for MSC-based attenuation of acute liver failure and indicated the significance of MSC-
mediated priming of Tregs as a new therapeutic approach in Treg-based therapy of acute liver injury.

Liver Transplantation 24 687-702 2018 AASLD.
Received November 9, 2017; accepted February 12, 2018.

Liver transplantation is the most effective therapy for
patients suffering from acute liver failure, a life-
threating clinical condition characterized by progres-
sive and extensive multilobular necrosis of hepatocytes

Abbreviations: 1-MT, 1-methyltryptophan; a-GalCer, o-galactosyl-
ceramide; AL, alanine aminotransaminase; APC, allophycocyaning
AST; aspartate aminotransferase; Breg, regulatory B cell; CCR7, che-
mokine (C-C mot{ﬂ receptor 7; CFSE, carboxyfluorescein diacetate
succinimidyl  ester;  CY,  cyclophosphamide; DC,  dendritic  cell;
DMEM, Dulbecco’s modified Eagle’s medium; DP, dual-plate;
ELISA, enzyme-linked immunosorbent assay; FBS, fetal bovine
serum; FITC, fluorescein isothiocyanate; FOXP3, forkhead box P3;
FSC-H, forward scatter height; H & E, hematoxylin-eosin; HGF,

and massive intrahepatic infiltration of inflammatory
cells.”) The increasing demand for liver transplanta-
tion and the decline in donor organs has highlighted
the need for alternative therapies for the treatment of
acute liver failure.

The liver contains different subsets of effector lym-
phocytes that are kept in check by a subpopulation of
T cells known as regulatory T cells (Tregs). Because an
increased Treg/T helper 17 ratio was associated with
the better survival of acute-on-chronic liver failure
patients,”) an option for the therapy of acute liver
injury is to enrich Tregs in the damaged livers and to
alter the balance of effector and regulatory lymphocytes

toward immunosuppressive Tregs.
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Even though passive transfer of Tregs showed ben-
eficial effects in an animal model of acute liver fail-
ure,”® Treg-based therapy has not yet been tested in
patients suffering from this life-threating clinical con-
dition. Most recently, a new concept of Treg-based
therapy was brought to the table of operational toler-
ance in living donor liver transplantation.”’ However,
it is still not verified whether administered Tregs
actually reach the liver and maintain a stable pheno-
type over time.

In order to be present in an adequate number for ther-
apeutic use, Tregs first have to be isolated from the
peripheral blood of the patient, and then they have to be
expanded in vitro.”” This can represent a serious problem
bearing in mind that in hyperacute cases of liver failure,
encephalopathy and fatal outcome usually develop within
a few days or a week after the onset of symptoms.”
Thus, new approaches should be established with an aim
to increase proliferation and activation of liver-resident
Tregs in an optimal amount of time.

Indoleamine 2,3-dioxygenase (IDO) is a heme-
containing enzyme critically involved in the induction
of immune tolerance in the liver.® It converts trypto-
phan to kynurenine, which inhibits the proliferation of
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itoneally; MINGC, mononuclear cell; MSC, mesenchymal stem cell;
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effector T' cells and promotes generation of Tregs.”

Most recently, by using a-galactosylceramide (-GalCer)-
induced hepatitis, well-established mice model of natu-
ral killer T cell (NKT)-dependent acute liver damage,(é)
we highlighted the importance of mesenchymal stem
cell (MSC)-derived IDO for the attenuation of acute
liver failure.®” MSCs protect from acute liver injury by
reducing hepatotoxicity of liver NKT cells in IDO-
dependent manner.®?)

Herewith, we describe an additional mechanism
involved in MSC-mediated attenuation of acute liver
failure that relies on the interaction between MSCs
and Tregs in the injured livers. We showed that in the
absence of Tregs, MSCs were not able to efficiently
alleviate acute liver injury indicating the necessity and
crucial importance of Tregs for the MSC-based atten-
uation of acute liver failure. Additionally, we described
an additional, IDO-dependent mechanism by which
MSCs promote expansion of Tregs and increased their
capacity to produce interleukin (IL) 10, resulting in
the suppression of NKT hepatotoxicity. Our data pre-
sented here indicate that MSC-based therapy could be
used as a new therapeutic approach for the expansion
of liver Tregs in the acute liver failure.

Materials and Methods

CELLS

Murine MSC:s, isolated from bone marrow of C57BL/6
mice, were purchased from Gibco (Gibco-Life Technolo-
gies, Carlsbad, CA) (catalog number 51502-100). The
cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% heat-inactivated fetal
bovine serum (FBS), 100 IU/mL of penicillin G, and 100
ug/mL of streptomycin (Sigma-Aldrich, Munich, Ger-
many), at 37° in a 5% CO, incubator. MSCs in passage 4

were used throughout the experiments.

MOUSE HEPATOCYTE
ISOLATION

Mouse hepatocytes were isolated as previously
described.? Briefly, a cannula was inserted in the
portal vein, and the liver was perfused for 15-20
minutes with T1 solution (0.9% NaCl, 0.05% KClI,
0.2% 4-[2-hydroxyethyl]-1-piperazine ethanesulfonic
acid, 0.08 mg/mL ethylene glycol tetraacetic acid, pH
7.4; all from Sigma-Aldrich, St. Louis, MO). As soon
as the perfusion was started, the hepatic vein was
immediately cut to allow the perfusate to run as a
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waste. Then, the liver was perfused with T2 solution
(0.6% NaCl, 0.05% KCl, 1.2% 4-[2-hydroxyethyl]-1-
piperazine ethanesulfonic acid, 0.07% CaCl2, 3 g/mL
collagenase Type I, pH 7.4; all from Sigma-Aldrich,
St. Louis, MO). The disaggregated liver tissue was
collected with a curved spatula and transferred into a
plate where the tissue was mechanically disrupted with
a scalpel. Minced tissue was collected with 2 mL of
DMEM (Sigma-Aldrich, St. Louis, MO), filtered
through a 70-um cell strainer, and centrifuged at 600
rpm for 4 minutes. The supernatant was removed; the
pellet was resuspended in 3 mL of DMEM; and the
cells were passed on 37.5% Percoll cushion (30 mL),
centrifuged at 1050 rpm for 3 minutes, and resus-
pended in 2 mL. of DMEM. Viable hepatocytes were

counted.

GENERATION OF MSC-
CONDITIONED MEDIUM

MSCs seeded at a density of 10,000 cells/cm?® in a
T75 flask™ were cultured until reaching 80% con-
fluence, and the culture medium was changed every
48 hours. After the last change of the medium, the
80% confluent cells were further cultured for 48
hours, and the medium designated as mesenchymal

stem cell-conditioned medium (MSC-CM) was
collected.?

PHARMACOLOGICAL
INHIBITION OF IDO

MSCs were cultured for 48 hours in culture medium
containing 1 mM of 1-methyltryptophan (1-MT;
Sigma-Aldrich, St-Louis, MO), an inhibitor of IDO

enzymatic activity.(m

ANIMALS
Male 6-8—week-old C57BL/6 mice were used. All ani-

mals received humane care according to the criteria
outlined in Guide for the Care and Use of Laboratory
Animals (National Institutes of Health publication 86-
23, 1985 revision), and all experiments were approved
by and conducted in accordance with the Guidelines of
the Animal Ethics Committee of the Faculty of Medi-
cal Sciences of the University of Kragujevac, Serbia.
Mice were housed in a temperature-controlled envi-
ronment with a 12-hour light-dark cycle and were
administered standard laboratory chow and water ad
libitum.

GAZDIC ET AL.

MOUSE MODEL OF ACUTE LIVER
FAILURE

C57BL/6 mice were given a single intravenous injec-
tion of a-GalCer (50 ug/kg) dissolved in 200 uL. of
saline.™ MSCs (5 X 10°) were intravenously injected,
via tail vein,™ into C57BL/6 mice immediately after
o-GalCer administration (o-GalCer+MSC—treated
mice), while control animals received the appropriate
amount of MSCs only or saline only. To demonstrate
that soluble factors were responsible for the MSC-
mediated inhibition of NKT function, mice were
injected intravenously with 0.2 mL of MSC-CM or
0.2 mL MSC-CM+1-MT, immediately after
a-GalCer administration. Control animals received 0.2
mL of saline only.

Serum levels of alanine aminotransaminase (ALT)
and aspartate aminotransferase (AST) were measured
before and 16 hours after a-GalCer administration, by
a standard photometric method using the automated
biochemistry analyzer Olympus AU 400 (Olympus
Diagnostica GMBH, Hamburg, Germany) and
Olympus AU reagents, according to the manufacturer’s
instructions.

HISTOLOGICAL ANALYSES AND
SEMIQUANTITATIVE
ASSESSMENT OF LIVER INJURY

Histological analysis and semiquantitative determina-
tion of liver injury were performed as previously
described.*® Briefly, the isolated livers were fixed in
10% phosphate-buffered formalin, embedded in paraf-
fin, and consecutive 4-um tissue sections were cut at
various depths and mounted on slides. Sections were
stained with hematoxylin-eosin (H & E) and exam-
ined under low-power (100X) light microscopy (Zeiss
Axioskop 40, Jena, Germany) equipped with a digital
camera. The area of necrosis was quantified in H &
E—stained liver section using Image] Software and was
shown as a percentage of the total section area.”
Sections were examined and scored by 2 independent
investigators in a blind manner.

DEPLETION OF REGULATORY
CELLS

For Treg depletion, mice were injected intraperitoneally
(IP) with cyclophosphamide (CY; Galenika A.D.,
Belgrade, Serbia) at a dose of 10 mg/kg or anti-CD25
antibody (PC61 mitochondrial antibody, Sigma-Aldrich,
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Munich, Germany) at a dose of 250 mg/mouse at
3 days before a-GalCer injection."*'® B cell depletion
was accomplished by a single IP injection of anti-
mouse CD20 antibody (Clone 5D2, Genentech, Inc.,
San Francisco, CA) at a dose of 10 mg/kg, and
the same isotype immunoglobulin was used for
control. ¥

ISOLATION OF HEPATIC
MONONUCLEAR CELLS AND
ANALYSIS WITH FLOW
CYTOMETRY

The isolation of liver-infiltrating mononuclear cells
(MNCs) was conducted as previously described.®
Hepatic MNCs were screened for various cell surface
and intracellular markers with flow cytometry 2 hours
after o-GalCer injection. Briefly, 1 X 10° MNCs were
incubated with anti-mouse CD4, CD25, CD49b,
CD23, CD21, immunoglobulin M (IgM), CD5, B220,
CD19, CD11¢, CD11b, and CD8 monoclonal anti-
bodies conjugated with fluorescein isothiocyanate
(FITC), phycoerythrin (PE), peridinin chlorophyll pro-
tein (PerCP), or allophycocyanin (APC; all from BD
Biosciences, San Jose, CA) following the manufacturer’s
instructions. MNCs derived from the liver were con-
comitantly stained for the intracellular content of fork-
head box P3 (FOXP3), IL10, transforming growth
factor f (T'GF-p), IL6, and tumor necrosis factor o
(TNF-o) by using the BD fixation/permeabilization kit
and anti-mouse monoclonal antibodies conjugated with
FITC, PE, PerCP, and APC (BD Bioscience). For
intracellular cytokine staining, cells were stimulated with
50 ng/mL of phorbol 12-myristate 13-acetate and 500
ng/mL ionomycin for 5 hours, and GolgiStop (BD Bio-
sciences) was added. Flow cytometric analysis was con-
ducted on a BD Biosciences FACSCalibur and analyzed
by using the Flowing software analysis program (Turku
Centre for Biotechnology, Turku, Finland).

ISOLATION OF NKTS
NKTs were isolated from hepatic MNCs by magnetic

cell sorting according to the manufacturer’s instructions.
Single-cell suspensions of liver MNCs were labeled with
a cocktail of biotin-conjugated monoclonal anti-mouse
antibodies against NKp46, CD45R, CD8a, CD115,
and TCRyé and MicroBeads conjugated to monoclonal
anti-biotin antibody (Miltenyi Biotec). The labeled cells
were subsequently depleted by separation over a MACS
Column (Miltenyi Biotec), which was placed in the
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magnetic field of a MACS Separator (Miltenyi Biotec).
In the second step, the NK1.1+ NKTs were labeled
with monoclonal anti-mouse NK1.1 antibody conju-
gated to APC and microBeads conjugated to monoclo-
nal anti-mouse anti-APC antibody and positively
selected using MACS Column (Miltenyi Biotec) and
MACS Separator (Miltenyi Biotec). Isolated NKTs
were then used in the coculture experiments and cyto-
toxicity assay as purified NKTs.

ISOLATION OF TREGS
CD4"CD25" Tregs were isolated from mouse sple-

nocytes by magnetic cell sorting according to the man-
ufacturer’s instructions. First, the spleens were minced
in Roswell Park Memorial Institute 1640 medium
(RPMI-1640 medium; Sigma-Aldrich, St. Louis,
MO) and forced gently through a 40-mm cell-strainer
nylon mesh using a sterile syringe plunger and centri-
fuged at 400g for 5 minutes. Pelleted spleen cells were
incubated in 2 mL of NH4Cl/Tris—Cl (pH 7.2) for
5 minutes, supplemented with 1 mL FBS, centrifuged
at 400g for 5 minutes, and then resuspended in
RPMI-1640 medium with 10% FBS."” Non-CD4"
were indirectly magnetically labeled with a cocktail of
biotin-conjugated antibodies against CDS8, CD11b,
CD45R, CD49b, Ter-119, and Anti-Biotin MicroBeads.
The labeled cells were subsequently depleted over a
MACS column. The enriched CD4" T cells were
labeled with CD25 MicroBeads for subsequent posi-
tive selection of CD4"CD25" Tregs. Cell viability
was determined by trypan blue staining.

CYTOTOXICITY ASSAY
The dual-plate (DP) version of the xCELLigence sys-

tem (Roche, Basel, Switzerland) was used as previously
described.® Briefly, 100 uL of complete medium was
added to each well, and background impedance on the
plates was measured on the xCELLigence real-time
cell analyzer (RTCA) DP instrument at 37° and 5%
CO,. Effector (NKTs) to target (hepatocytes) ratio
10:1 was used.®® Hepatocytes were resuspended in
DMEM with 10% FBS at 4 X 10° cells/mL. A total
of 100 uL hepatocytes were added to each well of the
E16 plate, which was then placed in the xCELLigence
RTCA DP. NKTs, isolated by magnetic separation,
were counted and resuspended at a concentration of 4
X 10° cells/mL in DMEM+10% FBS media. Then
100 ul. of NKTs or media alone was added to the
respective wells. The E16 plates were placed in the
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xCELLigence RTCA DP, and impedance measure-
ments were recorded every 15 minutes for 24 hours at
37° and 5% CO,. NKT-mediated death of tumor cells
was monitored in real time and was indicated by a
decrease in cell index. Data were analyzed with RTCA
Software 1.2 (ACEA Biosciences, San Diego, CA).

IN VITRO EXPERIMENTS

For contact-independent cocultures, cells were cultured
and physically separated using a 0.4-um porous transwell
system (Corning Incorporated, Life Sciences, France).

Tregs, isolated from the untreated mice and in vitro
stimulated with concanavalin A (2.5 lg/mL) and IL2
(50 ng/mL),(Zl) were placed in the lower chamber (24-
well transwell plate) and cultured in the presence
(TregsMSCs) or in the absence of MSCs (Tregs).
MSCs were seeded in the transwell inserts, and the
ratio between MSCs and Tregs was 1:10.%% After 48
hours of culture, expression of CD62L and chemokine
(C-C motif) receptor 7 (CCR7) on Tregs and
Tregs™5“* were analyzed by flow cytometry. Capacity
of Tregs and Tregs™ " to produce IL.10 and TGF-f
was determined by enzyme-linked immunosorbent
assay (ELISA).

In order to evaluate the importance of IDO inhibi-
tion for MSC-mediated priming of Tregs, contact-
independent cocultures of Tregs and MSCs were
grown in the presence (Tregs™>""™T) or in the
absence of 1-MT (TregsMscs).@s) After 48 hours of
culture, regulatory cells were harvested for adoptive
transfer experiments. Irnrnunoreigulatory effects of
Tregs™ and TregsMS ™71 on NKTs were
examined in a direct coculture, at ratio 1:1. Precisely, 1
X 10° Tregs™ or Tregs™> ™7 were added to
each well that contained 1 X 10° NKTs.** Cytotoxic-
ity of NKTs (4 X 10°/well) against hepatocytes (4 X
10*/well) were evaluated after 48 hours of culture.”

TRANSFER OF TREGS

Tregs or Tregs™>* were intravenously injected (1X10°

cells resuspended in 0.2 mL of saline) into CY-treated
animals 24 hours before «-GalCer administration.®>

INTRAHEPATIC DETECTION OF
TREGS

Tregs or Tregs were fluorescence-labeled using pre-
incubation with carboxyfluorescein diacetate succinimidyl

ester (CFSE; Molecular Probes, Eugene, OR) according

MSCs
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to the manufacturer’s instructions.®®’ For homing assays,
1 X 10° CFSE-labeled Tregs or Tregs™'>“* were injected
into the tail veins of CY-treated mice 24 hours before
a-GalCer administration. MNC suspensions were pre-
pared from liver tissues 2 hours after «-GalCer injection

and analyzed by flow cytometry.

MEASUREMENT OF CYTOKINES

Levels of TNF-q, interferon y (IFNy), IL10, TGF-p,
and hepatocyte growth factor (HGF) in the mouse
serum and cell supernatants were measured using
ELISA kits specific for the mouse cytokines (R&D
Systems, Minneapolis, MN) according to the manu-
facturer’s instructions.®

DETECTION OF KYNURENINE

IDO activity was determined by spectrophotometric
assay for kynurenine in the MSC-CM and MSC-
CM+1-MT.*”

RNA ISOLATION AND REAL-TIME
POLYMERASE CHAIN REACTION
ANALYSIS

Total RNA from mice livers were extracted using
TRIzol reagent (Invitrogen, Carlsbad, CA). The fold
change of messenger RNA gene expression for IDO,
IFNy, and f-actin as a housekeeping gene (Invitrogen,
Carlsbad, CA) was calculated as described.®®

STATISTICAL ANALYSIS

Results were analyzed using the Student # test. All data
in this study were expressed as the mean * standard

error of the mean (SEM). Values of P < 0.05 were
considered as statistically significant.

Results

MSC-DEPENDENT ATTENUATION
OF ACUTE LIVER FAILURE IS
ACCOMPANIED WITH AN
INCREASED PRESENCE OF
TREGS AND REGULATORY B
CELLS IN THE LIVER

Single intravenous injection of MSCs efficiently
attenuated acute liver failure in mice (Fig. 1). Serum
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AST and ALT levels 16 hours after a-GalCer injec-
tion were significantly decreased in o-GalCer+
MSCs—treated mice, compared with mice that
received o-GalCer only (P < 0.05; Fig. 1A). Histo-
pathological analysis of the liver confirmed these
findings (Fig. 1B). Liver tissue sections in
a-GalCer-treated mice showed widespread areas of
massive coagulative necrosis with extensive infiltra-
tion of MINCs, within liver lobules and around the
central veins and portal tracts, indicating the ongoing
inflammatory process (Fig. 1B). In contrast, there
were only several solitary areas of necrotic tissue in
a-GalCer-treated mice that received MSCs resulting
in significantly reduced total size of the hepatic
necrotic areas (Fig. 1B).

The decrease in liver damage by MSCs was asso-
ciated with the extensive infiltration of hepatopro-
tective regulatory cells within the liver (Fig. 1D,F).
The flow cytometric analysis revealed a significant
decrease in total number of CD4+ cells (P < 0.05;
Fig. 1C) and significant increase in the total number
of 1L10-producing Tregs (CD4"CD25"FOXP3™)
in the livers of a-GalCer+MSC-treated mice com-
pared with animals treated with a-GalCer only (P <
0.05; Fig. 1D). Although there was no significant
difference in the total number of liver-infiltrated
CD19+ B cells between experimental groups (P >
0.05; Fig. 1E), MSC treatment expanded regulatory
and attenuated inflammatory B cells in the livers of
a-GalCer—treated mice (Fig. 1F,G). The total num-
ber of IL10-producing and TGF-f—producing mar-
ginal zone (MZ)-like regulatory B cells (Bregs)
(CD23 " CD2171gM™) was significantly higher (P
< 0.05; Fig. 1F), whereas the total number of IL6
and TNF-a—producing inflammatory B cells was
notably lower in the livers of a-GalCer—treated mice
that received MSCs (P < 0.05; Fig. 1G). There was
no significant difference in the total number of liver-
infiltrating IL10-producing and TGF-p-producing
peritoneal Bla (IgM"CD5") and B1b regulatory
cells (IgM "CD5 ") between the experimental groups
(P > 0.05; Fig. 1H), suggesting that MSC-mediated
attenuation of a-GalCer—induced liver damage may
be a consequence of an increased presence of MZ-
like Bregs and Tregs in the injured liver. Because
both regulatory cell populations were notably lower
in the spleens of «-GalCer+MSC—treated mice
(Supporting Fig. 1), we assumed that MSCs pro-
moted migration of these regulatory cells from the
spleen into the injured livers where they suppress
inflammation.®?
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B CELL DEPLETION DID NOT
AFFECT MSC-MEDIATED
SUPPRESSION OF a-GALCER-
INDUCED HEPATITIS

In the presence of MSCs, plasmablast formation is
reduced and development of IL10-producing Bregs is
induced."*?? In order to delineate the importance of
Bregs in MSC-mediated attenuation of acute liver
injury, we analyzed the effects of B cell depletion in
a-GalCer—treated animals. Anti-CD20 antibody treat-
ment efficiently depleted B cells in the livers of
a-GalCer—treated animals (Supporting Fig. 2A, left
panel). Depletion of Bregs (Supporting Fig. 2A, right
panel) significantly aggravated liver failure in anti-
CD20+a-GalCer—treated mice (Supporting  Fig.
2B,C), indicating the importance of Bregs in attenua-
tion of NKT-mediated acute liver injury. However,
depletion of Bregs did not affect the capacity of MSCs
to ameliorate acute liver failure, as determined by liver
enzyme tests (Fig. 2A) and histological analysis (Fig.
2B). As shown in Fig. 2A, MSCs decreased serum
levels of AST (P < 0.05) and ALT (P < 0.05) in anti-
CD20+a-GalCer—treated mice in a similar manner as
in o-GalCer-treated animals. Histopathological analy-
sis confirmed these findings (Fig. 2B). Liver damage
was reduced in a similar manner in the livers of
anti-CD20+ o-GalCer+MSC- and a-GalCer+MSC-
treated mice (Fig. 2B).

In line with these findings, there was no significant dif-
ference in the serum levels of inflammatory cytokines
(TNF-a, IFNy) and anti-inflammatory IL10 between
anti-CD20+ o-GalCer+MSC—treated and a-GalCer+
MSC-treated mice (P > 0.05; Fig. 2C), indicating that
Bregs were not directly involved in MSC-mediated atten-
uation of acute liver inflammation.

Additionally, NKTs isolated from the livers of
anti-CD20+a-GalCer+MSC—treated mice were as
hepatotoxic as liver NKTs derived from o-GalCer+
MSC-treated animals (Fig. 2D), confirming that
depletion of Bregs did not affect MSC-mediated sup-
pression of NKT hepatotoxicity.

TREGS ARE CRITICALLY
INVOLVED IN MSC-MEDIATED
SUPPRESSION OF a-GALCER-
INDUCED LIVER INJURY

In order to determine whether Tregs had a crucial role
in MSC-dependent attenuation of acute liver failure,
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the effects of CY and anti-CD25 antibody-induced immunosuppressive (CD11c+CD11b-CD8+I1L10+)
depletion of Tregs were analyzed in o- and inflammatory (CD11c+CD11b+CD8-) subpopu-
GalCer+MSCs—treated mice (Fig. 3A). CY selectively lations of liver-infiltrated CD11c+ dendritic cell (DCs)
depleted Tregs (Supporting Fig. 3A) without affecting  (Supporting Fig. 3B). CY as well as anti-CD25
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antibody-induced depletion of Tregs significantly aggra-
vated acute liver failure in o-GalCer—treated animals
indicating the importance of Tregs for the suppression
of acute liver injury (Fig. 3B,C). Importantly, depletion
of Tregs completely abrogated the hepatoprotective
activity of MSCs in a-GalCer—induced acute liver fail-
ure (Fig. 3B,C). A significantly higher serum levels of
AST and ALT (P < 0.05; Fig. 3B) and a significantly
higher percentage of liver parenchyma with necrotic
damage (P < 0.05; Fig. 3C) accompanied with an
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extensive infiltration of MINCs were noticed in the livers
of CY+a-GalCer+MSC-treated and anti-CD25+
o-GalCer+MSC-treated mice compared with o-
GalCer+MSC-treated animals.

Depletion of Tregs significantly reduced MSC-
mediated attenuation of NKT hepatotoxicity (Fig.
3D). NKTs isolated from the livers of o-
GalCer+MSC-treated mice were significantly less
cytotoxic against hepatocytes than NKTs isolated from
the livers of CY+o-GalCer+MSC—treated (P < 0.05;
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Fig. 3D, left panel) and anti-CD25+o-GalCer+
MSC-treated animals (P < 0.05; Fig. 3D, right
panel).

In order to confirm that MSC-Treg interplay is
directly responsible for MSC-mediated modulation of
a-GalCer—induced  liver injury, CY+a-GalCer—
treated animals received either Tregs or Tre%/sl cocul-
tured in a transwell system with MSCs (Tregs 5Cs,

Intravenously injected Tregs and Tregs™>"* migrated
in the livers of CY+o-GalCer—treated mice (Fig. 3E)
and managed to attenuate acute liver injury (Fig. 3F,G).
Importantly, this phenomenon was remarkably intensi-
fied in CY+a-GalCer—treated animals that received
TregsMSCS (Fig. 3F,G), indicating that MSCs increased
the capacity of Tregs to migrate in the injured liver and
to attenuate acute liver failure. In line with these findings,
a significantly higher expression of CD62L and CCR?7,
involved in MSC-regulated migration of Tregs,®” was
noticed on TregsMS * when compared with Tregs (P <
0.05; Fig. 3H). Similarly, MSCs notably increased the
capacity of Tregs to produce immunosuppressive 1L.10

(P < 0.001) and TGF-$ (P < 0.05; Fig. 31).

IN ACUTE LIVER FAILURE, MSCS
PROMOTE EXPANSION OF
TREGS IN A PARACRINE
IDO-DEPENDENT MANNER

In order to explore whether MSCs are able to induce
expansion of Tregs in vivo, in the same paracrine man-
ner as in vitro, the therapeutic effects of MSC-CM
were analyzed in o-GalCer—treated mice (Fig. 4).
MSC-CM treatment managed to significantly attenuate
a-GalCer—induced hepatocyte damage as evaluated by
biochemical parameters (Fig. 4A) and histological anal-
ysis (Fig. 4B). A diminished inflammatory injury in o-
GalCer+MSC-CM-treated mice correlated with the
significantly  higher presence of IL10-producing
CD4"CD25"FOXP3" Tregs in the livers of o-
GalCer+MSC-CM-treated mice when compared with
a-GalCer—treated animals (P < 0.05; Fig. 4C), con-
firming that MSC-derived soluble factors are responsi-
ble for an increased number of Tregs in injured livers.

It is well-known that, among all MSC-derived
immunosuppressive factors, IDO, 1L10, HGF, and
TGF-p are mainly responsible for MSC-based attenu-
ation of acute liver injury.®" Because IDO has been
identified as a critical molecular switch that simulta-
neously blocks reprogramming of Tregs into effector
T cells,®® we examined the expression of IDO in the
livers of a-GalCer—treated animals and evaluated the

GAZDIC ET AL.

effects of IDO inhibitor (1-MT) in MSC-dependent
modulation of acute liver failure.

Expression of IDO in the livers of o-GalCer—
treated mice (Fig. 4D) negatively corresponded with
the extent of liver injury (Fig. 4A,B), but positively
correlated with the total number of liver-infiltrated
Tregs (Fig. 4C). Application of 1-MT significantly
down-regulated expression of IDO in the injured livers
(P < 0.05; Fig. 4D), exacerbated a-GalCer—induced
acute liver injury (Fig. 4A,B) and remarkably attenu-
ated the total number of liver Tregs (P < 0.05; Fig.
4C), indicating the importance of IDO for Treg-
mediated attenuation of acute liver failure.

Accordingly, we further analyzed effects of 1-MT
on the immunosuppressive potential of MSC-CM and
on MSC-CM-dependent expansion of Tregs and
attenuation of a-GalCer—induced liver injury; 1-MT
significantly attenuated concentration of kynurenine
(P < 0.05; Supporting Fig. 4A), but it did not alter
concentration of other immunosuppressive factors
(IL10, HGF, and TGF-p) in MSC-CM (P > 0.05;
Supporting Fig. 4B). Importantly, 1-MT completely
abrogated the therapeutic effects of MSC-CM in vivo,
as evaluated by remarkably higher serum levels of AST
and ALT in o-GalCer+MSC-CM +1-MT-treated
mice compared with «-GalCer+MSC-CM-treated
animals (P < 0.05; Fig. 4A). Histological analysis con-
firmed these findings (Fig. 4B). H & E staining
showed destruction of the hepatic architecture, massive
infiltration of inflammatory cells, and extensive hepa-
tocellular necrosis in the o-GalCer+MSC-CM+1-
MT-treated group that was opposite to the attenuated
liver injury and inflammation noticed in a-
GalCer+MSC-CM-treated animals (Fig. 4B).

The total number of CD4"CD25 FOXP3 110"
Tregs was significantly attenuated in the livers of o-
GalCer+MSC-CM+1-MT—treated mice compared
with o-GalCer+MSC-CM-treated animals (P < 0.05;
Fig. 4C), indicating the crucial importance of IDO for
MSC-CM-dependent expansion of Tregs in injured
livers of a-GalCer+MSC-CM-—treated animals.

In order to confirm the importance of MSC-
derived IDO for Treg-dependent suppression of NKT
hepatotoxicity, in vitro experiments were performed
(Fig. 4E). MSCs, in paracrine manner, significantly
increased capacity of Tregs to produce immunosup-
pressive IL10 (P < 0.001; Fig. 4F), and this phenome-
non was completely abrogated in the presence of
1-MT (P < 0.001; Fig. 4F). Accordingly, an addition
of 1-MT in MSC-Tregs culture attenuated the capac-
ity of Tregs to suppress hepatotoxicity of NKTs,
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promote expansion of Tregs in para-
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Scheme of experimental design. (F) The
percentage of IL10-producing cells in a
population of CD4*FOXP3" Tregs
cocultured with MSCs in transwell sys-
tems in the presence or in the absence of
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indicating that MSC-mediated priming of Tregs is
IDO dependent (P < 0.05; Fig. 4G).

Discussion

Therapeutic potential of MSCs in the treatment of
acute liver failure has already been well described by us
and others. %% It is well-known that MSCs promote
induction and expansion of Tregs and Bregs,**>* but
the impact of these regulatory cells in MSC-mediated
attenuation of acute liver failure was unknown.
Accordingly, herewith, we described the molecular
mechanisms involved in the crosstalk between MSCs
and liver regulatory cells during acute liver
inflammation.

Since it was recently shown that Bregs play an
important role in the attenuation of fulminant hepati-
tis"” and that, under inflammatory conditions, MSCs
reduce plasmablast formation and gromote develop-
ment of IL10-producing Bregs,?”*” we first analyzed
the interaction between MSCs and Bregs in the
injured livers. Although a significantly higher number
of MZ-like IL10-producing and TGF-p—producing
Bregs was noticed in the livers of a-GalCer+MSCs—
treated mice when compared with o-GalCer—treated
animals (Fig. 1F), the increased presence of Bregs was
not essential for MSC-mediated suppression of acute
liver failure, because their depletion did not alter the
capacity of MSCs to attenuate acute liver failure (Fig.
2). However, depletion of Tregs completely abrogated
beneficial effects of MSCs (Fig. 3), indicating the
necessity and importance of Tregs for MSC-mediated
alleviation of acute liver failure.

Tregs are residing in the liver where they have a cru-
cial role in the maintenance of immunologic toler-
ance.*? As a result of the decreased number of
intrahepatic Tregs, the liver rapidly switches from an
immune privilege organ into the organ enriched with
the inflammatory and hepatotoxic cells.*?) Because
liver Tregs are mainly responsible for the suppression
of immune cell-mediated damage of hepatocytes dur-
ing acute liver injury,*>** their depletion resulted in
the aggravation of acute liver failure (Supporting Fig.
3C,D). Accordingly, repopulation of intrahepatic
Tregs is a crucially important step for the attenuation
of acute liver inflammation.*”) MSCs are able to pro-
mote induction and expansion of Tregs in vitro.*>) In
line with these findings, we demonstrated that a single
intravenous injection of MSCs or MSC-CM managed
to rapidly increase the total number of Tregs in the
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injured livers (Figs. 1D and 4C), resulting with the
attenuation of acute liver failure. Importantly, deple-
tion of Tregs completely abrogated hepatoprotective
effects of MSCs (Fig. 3A-C) and inhibited their
capacity to attenuate hepatotoxicity of liver NKT's
(Fig. 3D), indicating that Tregs were critically involved
in MSC-based modulation of acute liver
inflammation.

It has already been shown by us and others that
adoptive transfer of Tregs reduce hepatic damage in
mice.***® Herewith, we demonstrated that MSCs
significantly enhanced immunosuppressive and hepa-
toprotective potential of Tregs (Fig. 3F-I). When
Tregs were cocultured with MSCs, their capacity to
migrate in the injured livers and suppress acute liver
inflammation was significantly intensified (Fig. 3H,I).
An increased expression of CD62L and CCR7 (Fig.
3H) and increased production of immunosuppressive
IL10 and TGF-p were noticed in MSC-primed Tregs
(Fig. 3I). Because CD62L and CCR7 are involved in
MSC-regulated migration of Tregs®” and IL10 and
TGF-f are mainly responsible for Treg-dependent
attenuation of acute liver injury,(zs) adoptive transfer of
MSC-primed Tregs resulted in the complete attenua-
tion of acute liver failure (Fig. 3F,G).

Previously published studies showed that MSCs can
promote generation and expansion of Tregs in a para-
crine manner through the production of prostaglandin
E2 and TGF-$.%7 Because we did not find any differ-
ences in the serum levels of prostaglandin E2 and
TGF-f between o-GalCer and o-GalCer+MSC-
treated animals (Supporting Fig. 5A,B), but we
noticed increased levels of IDO and kynurenine in o-
GalCer+MSC-treated mice (Supporting Fig. 5C,D),
we focused our attention on IDO, an important
MSC-derived immunomodulatory factor. MSC-
derived IDO inhibits the generation of cytotoxic T
lymphocytes and attenuates cytotoxicity of natural
killer cells.“”*® Most recently, we described the
importance of IDO for MSC-mediated suppression of
NKTs, major effector cells in acute liver failure.®” It
is well-known that intravenously injected a-GalCer
induces production of IFNy in liver NKTs.® Here-
with, we showed that MSCs, under the influence of
increased levels of IFNy (Supporting Fig. SE),
increased IDO activity (Supporting Fig. 5C,D) and in
an IDO-dependent manner reduce hepatotoxicity of
NKTs (Fig. 3) resulting with the attenuation of acute
liver injury and inflammation (Fig. 1). MSC-derived
IDO was crucially important for the expansion of

Tregs in the livers of MSCs and MSC-CM-treated
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FIG. 5. Schematic diagram describing the mechanism responsible
for MSC-mediated induction of Treg cells and attenuation of acute
liver failure. MSCs, in paracrine manner, through the production of
IDO, induced increased production of IL10 in Tregs, which in
turn, in IL10-dependent manner, attenuated hepatotoxicity of liver
NKTs, resulting with the attenuation of fulminant hepatitis.

mice with acute liver failure (Fig. 4). IDO-mediated
regulation of tryptophan metabolism is a highly versa-
tile modulator of cellular immunity.) IDO converts
tryptophan to kynurenine, which inhibits the prolifera-
tion of effector T cells,*” but promotes expression of
Treg lineage-defining transcription factor FOXP3.“V
In line with these findings, injection of MSCs or
MSC-CM significantly increased the total number of
liver Tregs (Fig. 1D and 4C), a phenomenon that was
completely abrogated when MSCs were cultured in
the presence of IDO inhibitor (Fig. 4C). Moreover, an
addition of 1-MT in MSC-Tregs coculture signifi-
cantly attenuated the capacity of MSC-primed Tregs
to suppress hepatotoxicity of NKTs (Fig. 4G).

Tregs suppress activation of liver NKT's in an IL10-
dependent manner.®” Intravenously injected TDO
induces the production of immunosuppressive IL10 in
activated lymphocytes, whereas 1-MT significantly
reduces capacity of stimulated lymphocytes to secrete
11.10.°Y Because MSCs, in a paracrine manner, sig-
nificantly increased the capacity of Tregs to produce
immunosuppressive IL.10 and that this phenomenon
was abrogated by 1-MT (Fig. 4F), we propose that
MSCs, through the production of IDO, induced
increased production of IL10 in Tregs, which in turn,
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in an IL10-dependent manner, attenuated hepatotox-
icity of liver NKTs, resulting in the attenuation of
acute liver failure (Fig. 5).

In conclusion, our data highlighted the crucial
importance of Tregs for MSC-based attenuation of
acute liver failure and indicated the significance of
MSC-mediated priming of Tregs as a new therapeutic
approach in Tregs-based therapy of acute liver failure.
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Abstract

Background/Aim.To estimate the concentrations of the proinflammatory cytokines (IL-1
TNF-a) in the gingival crevicular fluid (GCF) samples from caries affected teeth and intact
teeth, and to correlate them with caries extension, tooth position, and different restorative
biomaterials. Methods.GCF samples were collected from the 90 periodontally healthy
patients demonstrating at least one tooth with proximal caries and one intact tooth, at the
baseline, 7 and 30 days post-treatment. The biomarkers profile was investigated in relation
to the different level of caries extension (superficial, pulpitis, gangrenous, root affection),
defect size and restorative biomaterial. Results. Before therapy, caries level was
significantly associated with GCF IL-1B concentration, demonstrating lowest level in
gangrenous (C4) and superficial caries (C2). 30d after therapy, root affection (C5) was
characterized by the highest IL-1B concentration. Different dental fillings showed various
GCF cytokine change. CPC induced a significant IL-1p increase in more than 70% of
treated patients. Caries lesion size was insignificantly associated with GCF levels of these
proinflammatory cytokines, where larger defects were followed with average cytokine
increase. Considering tooth position, before therapy, IL-1pB had the highest level in GCF
samples from caries affected canines and second molars while TNF-a showed highest
levels from canines GCF. Dental restoration induced cytokine increase in canines (IL-1
and TNF-a), 1st and 2nd molars GCF (IL-1B). Conclusion. Before inflammation intensity
of tooth structures was directly reflected with IL-1p and TNF-a concentration. Dental
restoration significantly affects IL-1B and TNF-a depending on the used dental filling-type
material. Profile of these cytokines varied in GCF samples of the tooth with different
anatomical position, where canines and molars demonstrated the highest level. An increase
of these proinflammatory cytokines in the absence of any symptomatic manifestation of
inflammatory response has to be reconsidered as a possible tooth reparation parametar.

Clinical relevance. The concentration of GCF cytokines is illustrative in depicting
processes in tooth structures. Their relevance must be inspected with aspects of tooth
position and caries lesion level. Different impact of dental restoration materials on GCF IL-

1B and TNF-ocould be used as parameter for estimating local inflammation.
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dental caries, gingival crevicular fluid, il-1p,tnf-a restorative biomaterial dental
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Abstrakt

Uvod/ Cilj. Odredivanje koncentracije proinflamatornih citokina IL-1 B i TNF-a u
gingivalnoj tec¢nosti (GCF) poreklom od karijesom zahvacenih i intaktnih zuba i njihovo
korelisanje sa obimom Kkarijesa, polozajem zuba i razliitim zubnim ispunima. Metode.
Uzorci GCF su sakupljeni od 90 parodontoloski zdravih pacijenata koji su imali najmanje
jedan zub sa proksimalnim karijesom i jedan intaktni zub, na pre pocetka, 7 i 30 dana
nakon terapije. Profil biomarkera je ispitivan u odnosu na obim Kkarijesnih lezija: povr$ne
(C2) pulpitis, gangrena (C4) and karijes korena(C5), veli¢inu defekta i vrstu biomaterijala.
Rezultati Obim karijesnih lezija je znacajno udruzen sa IL-1p, ¢ije su koncentracije bile
najnize u grupi gangrenoznih (C4) i povr$nog karijesa (C2). 30dana nakon terapije grupa
C5 je pokazala najviSe vrednosti IL-1B. Razli¢iti materijali za zubne ispune su pokazali
razli¢iti profil citokina u GCF. CPC je uzrokovao porast IL-1p kod vise od 70% pacijenata.
Obim karijesne lezije nije pokazao znacajnu korelaciju sa merenim citokinima, dok su veci
defekti bili udruZeni sa povecanjem srednjih vrednosti citokina. U pogledu poloZaja zuba
IL-1B je pokazivao najviSe vrednosti kod karijesom zahvacéenih o¢njaka 1 drugih molara,
dok je TNF-a imao najvece vrednosti kod oc¢njaka. Nakon terapije, povecanje
koncentracije citokina je utvrdeno kod o¢njaka (IL-1p i TNF-a), prvog i drugog molara
(IL-1B). Zakljucak Intenzitet zapaljenja zubnih struktura se direktno reflektovao na
koncentraciju IL-13 i TNF-a. Zubni ispuni su znaéajno uticali na nivoe IL-1 i TNF-a u
odnosu na vrstu kori§¢enog biomaterijala. Profil merenih citokina je varirao u odnosu na
razli¢iti polozaj zuba, pri ¢emu su oc€njaci 1 molari pokazali najviSe vrednosti. Uoceni
porast merenih pro-inflamatornih citokina u odsustvu klinicki manifestne patologije moze
ukazivati na reparatorne efekte. Klini¢ki zna¢aj Koncentracija citokina u GCF reflektuje
procese u zubnim strukturama. U smislu interpretacije njihovih koncentracija, treba uzeti u
obzir uticaj polozaja zuba i obim karijesne destrukcije. Nivoi IL-1f I TNF-a u GCF mogu
koristiti kao indikator zapaljenskog odgovora na biomaterijale koji se koriste za zubne

ispune.
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Introduction

Dental caries is the most frequent health condition in the population. ** It is caused by
bacterial biofilms whose maturation is associated with an anaerobic shift in microflora®
while the subsequent acidification leads to demineralization of the dental enamel
representing the pathognomonic sign of the disease. Despite outstanding prophylactic
strategies, dental caries and related complications are still highly prevalent in the
population and provide a negative impact on oral and systemic health*. Therefore, many
efforts are invested in a better understanding of caries pathogenesis in order to improve
respective preventive strategy, diagnostic approach and predictive treatment protocols with
decreased complication rate. In the spirit of personalized medicine, the search for caries
biomarkers in the saliva and gingival crevicular fluid (GCF) attracts great attention in the
current dental research.

The cariogenic microorganisms and their byproducts following the initial invasion of tooth
enamel reach the dental tubules and get in contact with dental odontoblasts cellular
extensions. Odontoblasts are specialized cells that apart from producing the dentin express
many metabolically functions and plays in local immune response against infective threats.
> They express numerous pathogen recognition receptors that bind di and/or tri-acetylated
lipoproteins, lipopolysaccharides (LPS), flagellin, viral dsSRNA and unmethylated CpG
motif-containing DNA "°° As a response to toll-like receptors (TLR) and nucleotide-
binding oligomerization domain (NOD) stimulation odontoblasts secrete numerous
mediators, such as cytokines and chemokines IL-6, IL-8, IL-10, IL-1p, TNF-a, CCL2,
CCL20, CXCL10 1281314 ang defensins ¢, This inflammatory reaction is directed to
eliminate/attenuate cariogenic pathogens in odontoblasts proximity. In the case of low-
intensity inflammation, this reaction is usually sufficient to control tooth infection and to
induce the regenerative process that finally results in the formation of reactionary dentin.
Indeed, more intensive or prolonged inflammation interrupts regeneration processes and

result in intensive mediator response from odontoblasts, dental pulp resident cells and

5



1718 Further progression of bacterial invasion through the

infiltrating immune cells
odontoblast barrier generate an immune response in dental pulp complex, resulting in
pulpitis and progression of the inflammatory process toward periodontium **%°. Moreover,
in vitro stimulation of tooth crown odontoblasts with TLR2 or TLR4 agonists resulted in a
completely different profile of IL-1B, TNF-a, IL-8 CCL20 and B-defensin 2 production
indicating differential response to aerobic or anaerobic bacteria. The inflamed dental pulp
is a significant source of IL-1p and IL-8 ?*. On the other hand, locally produced IL-1pB and
TNF-a exert significant influence on odontoblasts functions, inducing further -defensin

22 production of dental matrix protein — 1 and inducing proliferation of

production
odontoblast-like cells derived from stem cells. % Moreover, the studies investigated the
cytokine profile in the GCF samples following dental restoration and reported controversial
data 24,25,26,27,28,29,30

The hypothesis of the present study was that IL-1B and TNF-a profile in the GCF from
caries affected and intact teeth are different, while the caries extension, tooth position, and
different restorative biomaterials alters the biomarker profile as well.

The aim of the study was to investigate GCF IL-1B and TNF-a profile between caries
affected and healthy teeth, and estimate the effect of caries destruction, restorative material

and tooth position on their respective concentrations.

Methods

Study design

The study was designed as a short controlled prospective study longitudinally assessing the
effect of caries and its respective treatment on the local levels of the IL-1p and TNF-a in
the split mouth-design.

Study population and inclusion criteria

The study population comprised of 90 outpatients attending the Clinic for Stomatology at

the Military Medical Academy, Belgrade, Serbia in the period between January 2015 until
June 2018. The population consisted of younger participants (mean age of 31(16.15 years)



with similar distribution in sex. The study was conducted in accordance with the
International Ethical Guidelines and Declaration of Helsinki (1964/1975) and was
approved by the institutional ethics committee (reference number VMA/10-12/A.1). The
participants were informed about study characteristics and scheduled procedures and
accepted to participate by signing an informed concept.

Participants were enrolled if being systemically healthy non-smokers and presenting at
least one caries affected and one intact tooth from the same morphological group of teeth,
with intact periodontal tissues and lacking the following exclusion criteria: 1) active
periodontal disease 2) subgingival periodontal treatment in less than 6 months 3) antibiotic
and anti-inflammatory intake in last 3 months 4) health conditions and chronic diseases
affecting the inflammatory status and/or bone metabolism 5) unsatisfying oral hygiene.
Caries lesions were diagnosed using visual-tactile technique combined with the

radiological exam and according to the Black’s Classification **

, While the periodontal
condition was assessed using a combination of clinical parameters and panoramic
radiographs according to the recent Classification of periodontal and peri-implant diseases

32,33

and conditions . Based on the progression levels, caries lesions were classified:

superficial (C2), pulp involvement (C3), gangrene (C4) and root involvement (C5).

Restorative biomaterials

Six different restorative materials were used for dental filling: two temporary materials:
zinc-phosphate cement (ZPhC-Cegal NV, Galenika, R Serbia) and carboxylate cement
(ZPoC-Harvard, USA); two permanent restorations: amalgame (Amg-Extracap D caps,
Galenika, R Serbia); nanohybrid composites: BF (the mixture of bisphenol- A-diglycidyl-
dimethacrylate (BisGMA) 15-25%, triethyleneglycol- dimethacrylate (TEGDMA) 12—
14%, aluminofluoroborosilicate glass 50-60%, aluminium trioxide (Al203) 1-2%, and DL-
Camphorquinone) (Shofu, Japan)) and TEC (Tetric EvoCeram,lvoclar Vivadent, USA) (the
mixture of 2.5-10% of BisGMA and 2.5-10% of urethane-dimethacrylate (UEDMA) and
nonhazardous additions (lvoclar Vivadent, USA)); GIC (glass ionomer cement GIC Fuji
PLUS®, Green Circle, USA) was used for both settings, standalone restorations and the
base for nanohybrid composites (BF and TEC). Dental fillings (temporary and permanent)

were sealed in one session while the placed mass counted between 0.07-2.03 g (Table 3).



Biomarker measurement

The GCF sampling was performed using filter paper technique as previously described **.
Strips contaminated with blood or saliva were discarded. The GCF volume was measured
using Periotron 6000 (Interstate Drug Exchange, Amityville, NY, USA), calibrated prior to
each set of measurements. Following that, the paper strips were placed into microcentrifuge
plastic tubes and elution was performed with 500 uL phosphate-buffered saline by
vortexing for 10 seconds and centrifugation at 3000 g for 5 min, in order to remove plaque
and cellular detritus. The supernatants were stored in plastic tubes at -70°C till further
analyzing. The biomarker estimation was performed using flow cytometry (Beckman
FC500; Beckman, USA) with commercial assays BioLegend’s LEGENDplex™,
Human Inflammation Panel (Cat No 740118, USA). Detection limits: TNF-a (1.0 pg/mL),
IL1-B (1.0 pg/mL).

Statistical analysis

Inter-group comparisons of the parameters were tested with the ANOVA test, with
Bonferroni post hoc test comparison of selected groups. O day time point, before therapy,
was the control value for every individual investigated tooth, with 7th day and 30th-day
values compared to the initial level. The differences between the two selected groups were
evaluated using the Mann-Whitney test. Thereafter, the p-values lower than 0.05 were
considered significant. The correlations between the variables were tested with the
Spearman’s rank correlation test. The average concentration of IL-1p and TNF-a were
expressed as pg of biomarker /ulLof GCF, x = SD. The statistical analysis was performed

using commercial software (GraphPad Prism, USA).

Results

The average concentration of IL-18 and TNF-a in GCF samples of patients according to

different time points



The IL-1p and TNF-a concentrations between caries affected and healthy teeth are depicted
in the table 2. At the baseline, IL-1p showed significantly increase levels when compared
to the healthy controls (HC), while at the 30-days post-treatment, TNFa levels were
significantly higher in treated sites than in HC.

Biomarker levels between sites with different restorative materials

Analysis of average GCF IL-1p level before dental restoration demonstrated significant
variation, with the lowest values in patient samples later treated with BEA and CFC
fillings. After restoration, all materials except BEA demonstrated GCF IL-1f increase, with
the maximal level at 30 day time interval (Table 2.). Temporary dental filling materials
(CFC, GIC, CPC) demonstrated much more intensive local IL-1p increase (from +75 to
210 %) comparing to materials for permanent (TEC, AMA, BEA) dental filling (from -37
to +42 %).

As showed for IL-1p concentration, GCF TNF-a level before dental restoration was the
lowest in patient samples later treated with BEA and CFC fillings. Again, used dental
filling materials induced increase of GCF TNF-a. The highest average GCF TNF-a were
recorded in samples of GIC and CPC treated patients, 30 days after. Temporary dental
filling materials (CFC, GJC, CPC) again demonstrated much more intensive local TNF-a
increase (from +12 to 78 %) comparing to materials for permanent (TEC, AMA, BEA)
dental filling (from -23 to +17 %).

Association of caries destruction extension with GCF IL-1§ and TNF-a concentration

In our study, caries lesion is associated with significant GCF IL-1B concentration even in
the initial stage, as a superficial dental change (C2) (Table 2.). Before therapy, patients
with the gangrenous process (C4) demonstrated the lowest average GCF IL-1p value, while
those with pulpitis (C3) had the highest recorded GCF IL-1p concentration. At 30 day after
therapy, all patients demonstrated an increase in average GCF IL-1p concentration. This
increase was minimal for patients with pulpitis, due to the high initial concentration, but

was maximal for patients with the process in the root canal.



Before therapy GCF TNF-a showed the lowest concentration in the C4 group. But, after
dental restoration, the highest average TNF-o. concentration was demonstrated in pulpitis

group (C3).

Size of the caries lesion

Size of the caries lesion was determined indirectly, according to the volume of dental
filling material needed for restoration. Before therapy, the concentration of GCF IL-1p was
the highest in the group with the largest tooth defect caused by caries (>1.0g). Interestingly,
30 days after dental restoration, average concentration increased in samples of groups with
small and very large caries defects, while decreased in a group with intermediate fillings
(0.5 —1.0g) (Table 1.). Before therapy, GCF TNF-a demonstrated almost similar value in
all groups divided according to caries tooth defect. Contrary to IL-1B findings, dental

restoration induced decrement at day 30 in all groups.

Association of tooth position with GCF IL-15 and TNF-o. concentration

Tooth position was significantly associated with GCF IL-1p concentration (Table 2.).
Before therapy, average concentration was the highest in samples from canine, second
premolar, and second molar. After therapy, GCF IL-1 concentration increased in samples
from all teeth except the second molar. The highest average concentration at day 30 was
demonstrated in GCF of a canine and second molar.

The concentration of TNF-a before therapy was the highest in samples from canine and
second premolar. Dental restoration therapy at day 30 demonstrated an increase of TNF-a
in GCF of the first incisor and | and Il molars, and contrary to IL-1B showed unchanged /

decreased value in GCF of the second incisor, canine and both molars.

Level of GCF IL-18 and TNF-a after dental restoration varies according to caries
extensity, type and volume of dental restoration filling and tooth position

Seven days after therapy GCF IL-1P showed increased value in samples of more than

half patients treated with both temporary and permanent filling materials, except for those
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treated with amalgam (AMA)(Table 3.). But after 30 days GCF IL-1p concentration
demonstrated a further decrease in all patients treated with a permanent type of filling
(TEC, AMA, BEA), while all treated with a temporary type of filling demonstrated
increase. This was especially evident for CPC, where almost 75% of treated demonstrated
significant GCF IL-1p rise comparing to before therapy level.

At 7th day GCF IL-1pB was increased in more than half of patients with superficial caries
(C2) or those with affected root cannal (C5). At day 30, a further increase was evident in
above 50% of patients from more profound caries lesion (C3, C4, C5), with documented
decrease only in the C2 group.

Interestingly, filling volume less than 1g was associated with an increase in 44-50%,
while larger filling volume was associated with a decrease of GCF IL-1f in 75% of treated.
Conversely, at 30 th day, smaller filling volume was associated with a local IL-1p increase
in minor frequency (14-37%).

According to tooth position, at 7th day GCF IL-1p was increased in more than 50% of
patients in both incisors, canines, first premolar, and first molar. The 30th day was
associated with an IL-1 decrement in GCF of all treated teeth, except the second premolar.

Seven days after dental restoration GCF TNF-a value increased in less than half patients,
both treated with temporary and permanent filling materials. After 30 days we documented
a further decrease of patients percent with documented TNF-o increase, in all groups
except those treated with tetric evoceram (TEC).

As for IL-1pB, at 7th day GCF TNF-a was increased in more than 50% of C2 and C5
groups. Identically, at day 30, a further increase was evident in above 50% of patients from
more profound caries lesion (C3, C4, C5), with documented decrease only in the C2 group.

Again identically as IL-1p, although in smaller frequency, at 7th day GCF TNF-a
demonstrated the increase in samples where filling volume was less than 1g, and decrease
in more than 85% of those treated with larger filling volume. Conversely, at 30 th day,
smaller filling volume was associated with local TNF-a increase in minor frequency (14-
35%).

Seven days after therapy GCF TNF-o demonstrated an increase in 57-66% of samples
from canines and second incisors. At day 30, there was TNF-o decrement in GCF of all

investigated teeth except the first incisor.
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Dental restoration is associated with correlated IL-/8 and TNF-o values in GCF of teeth

with superficial caries, small caries extensivity, and specific tooth position

After therapy coordinated local secretion/liberation of GCF IL-1p and TNF-a was
demonstrated in teeth treated with amalgame (7th day), BEA and CFC (30th day)(Table
4.).

According to a caries level, before therapy, only patients with the gangrenous process
(C4) did not show the significant correlation of GCF IL-1p and TNF-o After dental
restoration, the significant correlation of GCF IL-1p and TNF-a was demonstrated only in
the group with superficial caries lesion, both 7th and 30th day.

Caries lesion that needed fillings less than 1g were characterized by a significant
correlation of GCF IL-1p and TNF-a both before and after dental restoration.

The specific position of caries tooth is associated with the correlated production of GCF
IL-1B and TNF-a both before and after dental restoration. Significant correlation of IL-1
and TNF-a was demonstrated before and after restoration in GCF of second incisors (7th

day), second premolar (7th day) and second molar (7th and 30th day).
Discussion

Inflammation in the tooth structures is unequivocally associated with the presence of
inflammatory mediators, especially inflammatory cytokines IL-1 and TNF-a.
Concentration of GCF IL-1p and TNF-a were extensively studied in local inflammatory

35,36,37,38 39,40,41,42,43,44

conditions as periodontitis and perimplantitis or even as a systemic

44 or connective tissue disease *"*%*°, Comparing

inflammatory condition like diabetes
to these inflammatory conditions, cytokines were infrequently investigated in dental caries,
especially in GCF of caries teeth %%,

Caries is associated with increased local IL-1p and TNF-a levels. Cogulu et al
demonstrated that children with high streptococcus mutans number had high salivary IL-1p
concentration and low IL1RA. They found that IL-1B was slightly elevated in saliva and
serum of children with caries, but was not significantly associated with the caries lesion
severity **. They also showed that IL-1pB, ILIRA, and IL-10 gene polymorphism were not

significantly associated with dental caries. Eslami et al demonstrated higher average IL-6
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and IL-1PB concentrations locally, in the inflamed pulpal tissues of subjects with dental
caries compared with intact pulpal tissue samples >°. This increase was significantly
associated with S. mutans infection. McLachlan et al documented significant expression of
genes for S100A8, S100A9, S1I00A10, S100A12, S100A13, TNF-a, IL-1B, IL-8, IL-6, and
ENA-78 in the pulp of caries teeth, close to the lesion *°. Pulp inflammation resulting from
carious lesions is characterized by a strong increase in the production of proinflammatory
cytokines including TNF-a, IFN-y, IL-1B, IL-6, CXCL8, and IL-18 . So, pulpitis intensity
is significantly associated with intensive local inflammatory mediators production and our
patients with pulpitis (C3 group) and largest caries defect demonstrated the highest average
IL-1B and TNF-a levels before therapy.

IL-1 seems to be of extreme importance in the pathophysiology of caries lesion. Horst

and colleagues *®

investigated gene expression of inflammatory mediators in the
odontoblast layer of extirpated caries teeth. Both the pulp and the odontoblast layer
demonstrated significant mMRNA increase of CCR2, CCR4, CCR5, CCR9, CCL3, CCL23,
IL-1B and TNF-a More importantly, they showed that TNF-a and especially IL-1p induced
in vitro increase of a human b-defensin 2 (HBD2) mRNA expression in odontoblasts, up to
100 time more intensive than LPS/TLR4 agonist. The only limitation of their study is a
selection of teeth, because all 32 samples were third molars, with caries lesion reaching 50
to 75% of dentin thickness. Additionally, the authors did not provide data whether these
teeth were previously treated or not. We have demonstrated that GCF IL-1p and TNF-a
concentration dramatically vary according to a tooth position, caries lesion extensivity and
that dental restoration material further significantly alters its level. Different groups of teeth
are exposed to the different intensity of occlusal forces depending of their anatomical
position and primary function, that is subsequently followed by different profile of
biochmeical markers around different teeth. In brief, stimulation of periodontal
mechanoreceptors is followed by the local release of neuropeptides, growth factors and
cytokines that accordingly regulates remodelation of periodontal tissues >*.

He et al investigated pulpitis in the experimental model of pulp exposure to oral cavity
microorganisms °’. They succeeded to document all the stages of pulpitis, from initial
inflammatory cells regrutation to the exposed pulp and initial secretion of IL-1p and TNF-
a, to chronic-like inflammation, the disappearance of dental odontoblasts and pulpal

necrosis. This elegant study was performed with micro CT analysis, pathohistological
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description of the local cell population as well as RT PCR verification of IL-1p and TNF-a
local presence in the time interval from Oh to 72h after pulp exposure. Although in their
experimental model caries progressed from initial lesion to pulpal necrosis in less than 3
days, some parallels could drown to caries lesions of the different level seen in patients.
Before therapy, IL-1B GCF increased from initial C2 caries (enamel + dentin lesion) to
pulpitis (C3) and root inflammation (C5), with a modest increase in gangrenous pulp
(C4)(Table 1.). Similarly, He group demonstrated local pulp IL1-B increase from initial
inflammation to maximal presence in irreversible pulpitis, until the beginning of the
necrosis process after which the value decreased. In our study, markedly only the C2 group
had the smallest increase rate compared to before therapy level (Table 1).

Surprisingly, at both control points, 7th and 30th day, the average concentration of GCF IL-
1B and TNF-a were increased compared to level before dental restoration practically in all
investigated samples. Conclusively, llday also demonstrated that silorane composite dental
restoration after dental caries is associated with significant increase of average TNF-a, IL-6
and 1L-8 2", while Geraldeli found that amalgame dental restoration induced increase of
local TNF-a but the slight decrease of IL-1p in coronal occlusal dentine of trimmed molars
*8 Since restored teeth were without any clinical and/or radiological signs this increase
could not be attributed to further progression of caries lesion or any other inflammatory
process.

According to one group of studies, proinflammatory cytokines are just indispensable for
in dental regeneration processes. Bone regeneration itself is critically connected to
proinflammatory cytokines. Regeneration of bone fracture is associated with biphasic TNF-
a and IL-1P increase, with a peak during the initiation of fracture repair, followed by a
second peak at the transition from chondrogenesis to osteogenesis during endochondral
maturation ®-%2, The balanced immune response appears to be essential for a successful
bone healing process . The absence of TNF-a delays fracture healing while prolonged
exposure to TNF-a destroys bone ®®. Our study (unpublished results) in children with
long bone fractures showed significantly lower IL-1B and MCP-1 serum concentrations in
children with insufficient callus formation callus and less fragment dislocation (angulation
and dislocation less than 1 cm). So, newer studies demonstrated that IL-1p and TNF-a
influence the biological behavior of dental stem cells, in a way they are needed for tooth

tissue regeneration. The study from Yang et al demonstrated that IL-1p and TNF-a have
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synergistic effects on odontogenic differentiation of isolated dental pulp stem cell

population ®

. In vitro treatment with both IL-1B and TNF-a comparing to a single
treatment with either cytokine demonstrated significantly faster stem cell proliferation,
increased ALP activity, increased osteocalcin and bone sialoprotein expression, augmented
MRNA expression of alkaline phosphatase, osteocalcin, bone sialoprotein, dentin
sialophosphoprotein, and dentin matrix protein-1. Both cytokines synergistically induced
significant morphologic dental stem cell changes 3th day at the surfaces of the HA/TCP
ceramic scaffolds. In vivo experiments with dental stem cells implants pretreated with 1L-1
and TNF-2 showed a significant level of hard bone formation, with even bone marrow like
hematopoietic tissue.

Goldberg and authors stated that inflammatory process are very important not only for
defense, but they are also important for pulp regeneration °® So it seems that local
inflammation is overseen only as an unwanted and harmful process, leading only to
necrotic on the undesirable outcome. Migration and odontoblastic differentiation of dental
stem cells is a crucial step in dental regeneration after caries lesion ®"®"%"2 |eprince et al
concluded that dental pulp stem cells and mesenchymal stem cells have identical
characteristics, and that are needed for dental pulp regeneration ". According to this aspect,
after initial response to local microbiota agents mediated by inflammatory cytokines, after
their elimination and dental restoration, local stem cells are activated and induced to
differentiate into cells that produce reactionary and reparative dentin "*. Another
inflammatory wave could regulate transdifferentiation of fibroblast-like pulp cells to stem
cells ™ or inflammatory monocytes itself could be converged to odonto — progenitor cells
76

The balance between the inflammatory process as a defense mechanism and an
inflammatory initiated reparation seems to be influenced with the severity and presence of
infection. Controlled, acute production of inflammatory mediators and clearing of
microorganism is associated with tissue repair, while chronic, uncontrolled inflammation is
destructive %°.

Restorative dental materials significantly influence GCF mediators concentration .
Celik and llday reported that different dental restorative materials induce the various local
response, inducing a significant variation of GCF IL-6, IL-8, and TNF-a profile after dental

25,26

therapy . Sakallioglu et al investigated the concentration of substance-P, calcitonin-
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gene related peptide, neurokinin-A, IL-la, IL-1B and PGE2 in GCF samples of teeth
restored with ceramic, metal, composite, opposite-composite, amalgam, opposite-amalgam,
or enamel ', Although the study was performed only at 14 patients without data before
therapy or tooth position, they noted significant inter-groups variations 4 weeks after
restoration. They found the highest level of substance-P in amalgam restored teeth, PGE2
in composite restored, while IL-1a and IL-1B were highly present after metal based
restoration. Similarly, Bjorkman et al reported that removal of amalgam restoration resulted
in normalization of GCF Th1 cytokines level ®. We have also demonstrated that dental
restorative material (both permanent and temporary) induce a significant change in GCF
IL-1a and IL-1P level.

There are several explanations of GCF IL-1a and IL-1B level increase after restoration.
Local inflammatory mediators could be induced from dental cells with chemical content
liberated from the restorative material, and/or by mediators generated from de novo plaque
accumulation. Since there were no clinical signs of any inflammatory process or plaque

accumulation after restoration either in our or previous studies % 2>

inflammatory
mediator increase could be attributed to a healing or reparation process. Calcium hydroxide
and mineral trioxide aggregate (MTA) are known to stimulate dentinogenesis and

® while MTA, at least in vitro,

cementogenesis, together with early inflammation
demonstrated significant IL-1p stimulating capacity ® Hydroxyl ions derived from these
restorative materials change oxido/reductive balance at lesion site 2, ultimately inducing
chemical tissue irritation and cellular necrosis. Necrotic cells release low levels of
cytokines and other damage signals to facilitate the removal of the dead or dying cells,
leading to a inflammation without microorganisms in lesion itself 852

So, the significant presence of inflammatory mediators in GCF of restored teeth without
signs of the inflammatory process could be associated with the reparative process. Different
influence of the various type of dental fillings on GCF IL-1a and IL-1B level could be base

for selection of the optimal restorative material.
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Table 1. The IL-1p and TNF-a concentration between caries affected and healthy
teeth

) ] ) Day Day
Biomarker Control Baseline Day 7 Day 30 Baseline/C
7/C  30/C
78.23+ 245.67 148.39+290.
IL-1p 79.02+84.00 p=0.012 NS NS
90.53 +750.10 12
24.05+ 84.01+ 88.14+
TNFa 41.45+109.34 NS NS p=0.010
47.67 356.50 361.21
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All values are expressed as mean + SD; C-control.

Table 2. Average concentration of IL-1p and TNF-a in GCF samples of patients

according to different time points

IL-1p TNF-a
(oo (P9,
x+SD) x£SD)
0d 7d 30d 0d 7d 30d
dental TEC 24 + 28 +
111 + 211 92 +122 4158 + 188 19+ 17
24 23
filling AMA 34 + 27 +
155+197 | 126 + 177 187 + 210 24 + 44
37 25
type BEA ( 12 + 18 +
54 + 84 88 + 106 55 + 107 25 + 46
21 43
CFC| 31+ 26 54 + 104 °65+100| 4+ 5 7+ 7 4+ 5
GJC 33+ 37+
103+ 104 | 153 +170 192 + 265 37+39
33 28
CPC abego7+| 29+ 49 +
243 +269 | 235+ 245 44 + 50
331 38 57
caries C2 d 20 + 20 +
76 + 104 94 + 105 115 + 161 24 + 39
26 62
level C3 27 + 42 +
172 + 243 51+ 92 182 + 182 47 + 66
44 52
C4 12 +
49+ 59| 113+144 €104+119| 5+ 6 10+ 9 1o
C5 "101 + def 286+ | 36+ 35+
156 + 169 30+23
103 226 35 23
dental  <0.5¢ 36 + 33+
107 £183 | 114 +187 167 + 253 18 + 17
03 30
filling  <1.0g 33+ 25+
118 + 174 | 148 + 213 56+ 61 . 19+ 24 ”




volume >1.0g 35+ 30+
137+£204 | 113+121 236 + 229 11+13
55 26
tooth 1 14 +
50+ 74 43+ 25 141+190 | 2+ 2 5+ 9 1
position 2 15+ 15+
46+ 48| 44+ 54 149 £ 205 15+ 17
12 20
3 49 + 47 +
117+152 | 135+ 93 253 £ 227 35+ 30
62 62
4 17 + 18 +
44+ 37| 65+ 58 77+ 75 20 £ 29
17 20
5 31+ 29+
107 £ 111 70 79 103 + 149 34 £+ 56
40 35
6| °"59%| Y166+ 24 + 34+
214 + 198 32+45
41 164 27 44
7 20 £ 23+
133+225| 175+171 223 + 222 19 26 £ 24 ’

#1L-1p, dental filling type, TEC / CPC, 30d, *
b IL-1p, dental filling type, BEA / CPC, 30d, **

° IL-1B, dental filling type, CFC / CPC, 30d, ***
9 IL-1B, caries level, C2/ C5, 30d, *
® IL-1p, caries level, C4 / C5, 30d, *
f IL-1p, caries level C5, 0d / 30d, *

9 1L-1B, tooth position 6, 0/7d, *
" IL-1B, tooth position 6, 0/30d, *

TEC, AMA, BEA, all values are expressed as mean + standard deviation

Table 3. Percentage of patients with IL-1p and TNF-o GCF increase at time points

(at least 20% up increase comparing to 0 time point, before dental filling)

IL-1p

TNF-a
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control time point 7d 30d 7d 30d

(n/total) % | n/total 9% | n/total %o | n/total 9% | n/total %

all 39/86 45| 33/74 45| 35/84 42| 25/74 34

dental TEC| 9/17 53| 8/17 47| 6/17 35| 9/17 53
filling | AMA| 2/14 14| 4/11 36| 413 31| 2/11 18
type BEA| 815 53| 3/15 20| 6/15 40| 2/15 13
CFC| 6/14 43| 4/ 9 44| 6/13 46| 3/ 9 33
GJC| 7/13 54| 6/11 55| 6/13 46| 4/11 36
CPC| 7/13 54| 8/11 73| 7/13 54| 5/11 45

caries C2| 31/58 53| 19/51 37| 31/58 53| 19/51 37
level C3| 1/9 11| 5 9 55| 1/9 11| 4/ 7 57
C4| 2/6 33| 3/6 50| 2/6 33| 2/5 40
C5| 7/13 54| 6/11 55| 7/13 54| 6/11 55

dental <0.5g | 35/69 51 | 23/62 37| 30/69 44| 22/62 35
filling <10g| 4/ 9 44| 17 14| 49 44| 1 7 14
volume | >1.0g| 2/ 8 25| 48 50| 1/8 13| 3/ 8 38

tooth 3/5 60| 2/4 50| 2/5 40| 3/ 4 75
59 56| 49 44| 6/ 9 66| 3/ 9 33
5'7 71| 4/ 7 57| 4/ 7 57| 4/ 7 57
6/11 55| 2/10 20| 3/11 27| 2/10 20
6/24 25| 6/18 33| 9/24 38| 6/18 33
7112 58| 5/11 45| 6/12 50| 4/11 36
7/16 44| 6/14 32| 7/16 44| 6/14 32

position

~N o o A oW DN B

Table 4. Correlation of IL-1p and TNF-a concentration in GCF samples
in the different time points

IL-1B + TNF-a

7d 30d

Caries destruction level
C2 0.0004 0.0030



C3

C4

C5

Restorative biomaterial
TEC

AMA

BEA

CFC

GJC

CPC

Biomaterial amount
<0.5¢

<1.0g

>1.0g

ns ns
ns ns
ns ns
ns ns

0.0030 ns
ns 0.0002
ns 0.0170
ns ns
ns ns

0.0007 0.0003
0.0140 ns

ns ns
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