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CAKETAK

JNebunmjennmja ranextuna-3 (Gal-3) je yzapyxeHa ca areHyanujoM eKCIIEPUMEHTAIHOT
ayroumyHckor eHuedanomujenutuca (EAE) kox CS57BL/6 mumesa. Muadeknuja wMumjum
mutomeraigoupycom (MCMV ox enr. Murine Cytomegalovirus) mpekuma pe3HCTEHIIH]Y
BALB/c mumeBa Ha uaaykuujy EAE. ¥V 0Boj ctyauju je mokasano na oacyctBo Gal-3 yruue Ha
umyHcKku oaroop Ha MCMYV u na nperxoana uadexuja MCMV-om npekuna arenyauujy EAE
kon Gal-3 pedurnmjentaux C57BL/6 mumea (Gal-3 KO). KiwnHuuke #  XHCTOJIOIIKE
kapaktepuctuke EAE koju passujajy Gal-3 KO mumeBun umynuzoanu mnentugoM MOGss.ss
HaKOH HMH(EKIHje MUTOMETAIOBHPYCOM CYy CIWYHE OHHMM KOj€ pa3BHjajy HEHH(PHUIIUpaHHU
umyHuzoBanu C57BL/6 WT mumesu. Y undunrparuma nentpansor HepBHor cuctema (LIHC)
Gal-3 KO mumieBa umynuzoBanux rnentuaoM MOGgs.ss mocie uadeknuje MCMV-om youena je
Beha 3actymsbeHoct uH@uamanujckux CD8+ henuja Hero unpnamanumjckux CD4+ henyja.
Heburnmjennmja Gal-3 je yapyxkena ca moBehambeM MpOIEHTA KIACHYHO aKTHBHUPAHHX
Makpogara y Mo3ry MuieBa UMyHu30BaHuX nentugoM MOGss.ss HakoH nHpekuuje MCMV-om.
OncyctBo Gal-3 mosehaBa mnporenatr wuHGuamanujckux edekropcko-memopujckux (IFN-
y+CD4+CD28-) nmumdounra y nepudepnoj kpsu u unnamanujckux NK u NKT hemuja y
cnesurn MmumieBa nHpuuupanux MCMV-om. Gal-3 KO wmumieBn pas3Bujajy TEKH XEMaTUTUC
HakoH uHbpekuuje MCMV-om ca BuIlle 3amajbeHCKUX U HEKPOTHUKHUX (OKyca, U3PaKEHH)OM
arorToOTO30M M HEKPOITO30M XemaronuTa U BehoMm pemukanujom Bupyca. Behem omrehemy
jerpe kox Gal-3 KO mumieBa unpuimpannx MCMV-om He nonpunocu aktuBHOocT NK henuja.
Beha excrnpecuja TNF-o y xenarorurtuma uHbunupanux Gal-3 KO wmuinesa, yapyxeHa ca
Behom amonTo3oM oBUX henuja y3 cMamemne HH(IamMalyje U anonTo3e Xenarouura Ko MUIIeBa
ko1 kojux je omokupan TNF-o ykasyje ma TNF-o urpa ymory y Behem omrehemy jerpe Gal-3
KO wmwumeBa n3azBanom umHdpeknujom MCMV-om. TIpumena pexombunanTaor Gal-3 cmamyje
uH(Iamanujy u Hekposy xemartonuta y jerpu uHbuuupanux Gal-3 KO wmumiesa. ITpumena
MHXUOMTOpa rajekTHHa-3 3HauyajHo nosehaBa Hekpo3y jerpe WT muineBa HakoH MHQEKIH]je
MCMV-om. Pesynratu oBe cryauje ykasyjy aa Gal-3 momynuiie umyHcku oarosop va MCMV
U Tako cMmamyje omreheme TKMBa M3a3BaHO BHUPYCHOM HH(EKIHMJOM U Pa3BOj ayTOMMYHCKE

HeypouHIIamaIyje.



ABSTRACT

Galectin-3  (Gal-3) deficiency is accompanied with Experimental Autoimmune
Encephalomyelitis (EAE) attenuation in C57BL/6 mice. Murine cytomegalovirus infection
(MCMV) abrogates resistance of BALB/c mice to EAE induction. Here, we have provided the
evidence that Gal-3 deficiency affects immune response to MCMV and abrogates attenuation of
EAE in Gal-3 deficient mice (Gal-3 KO). Gal-3 KO mice immunized with MOGg3s.s5 after
MCMYV infection develop clinical and histological signs similar to those seen in uninfected
immunized C57BL/6 WT mice. Larger proportion of inflammatory CD8+ cells than
inflammatory CDA4+ cells is detected in the CNS infiltrates of Gal-3 KO mice immunized with
MOGs3s.55 after MCMV infection. Gal-3 deficiency favors classical activation of macrophages in
CNS after MOG3s.55 immunization. Gal-3 deficiency also increases percentage of inflammatory
effecto-memory (IFN-y+CD4-+CD28-) cells in peripheral blood and inflammatory NK and NKT
cells in spleen of MCMV infected mice. Enhanced hepatitis manifested by more inflammatory
and necrotic foci, enhanced apoptosis and necroptosis of hepatocytes and enhanced viral
replication were detected in MCMV-infected Gal-3 deficient mice. NK cells do not contribute to
more severe liver damage in MCMV-infected Gal-3 KO mice. Enhanced expression of TNF-a in
the hepatocytes of Gal-3 KO mice after MCMV infection, abrogated hepatocyte death, and
attenuated inflammation in the livers of Gal-3 KO mice after TNF-a blockade suggest that TNF-
a plays the role in enhanced disease in Gal-3 deficient animals. Treatment with recombinant Gal-
3 reduces inflammation and especially necrosis of hepatocytes in the livers of MCMV-infected
Gal-3 KO mice. Treatment with Gal-3 inhibitor significantly enhances liver necrosis in MCMV
infected WT mice. Our results indicate that Gal-3 modulates immune response to MCMV and
thus attenuates tissue damage induced by viral infection and development of autoimmune

neuroinflammation.
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1. YBOJ

1.1. llnTomMeranoBupyc

[urtomeranosupyc (erri. Cytomegalovirus, CMV) je ctpukTHO SPECies crierupuuHu BUPYC KOjH
npunaza Gamunuju Herpetoviridae, cyodamuiuju f-Herpesvirinae. Mako cy uHTpaHykiIcapHe
WHKJTY3Wj€ TUMHYHE 32 WHPEKIH]y TUTOMETaIoBUpycoM yodeHe jomr 1881. roamHe, XyMaHu u
mumju tan CMV-a cy HesaBucHO wuzomoBanu Tek 1956. u 1957. romuue (1). Xymanwu
uTomeranosupyc (erri. Human Cytomegalovirus, HCMV) je yOukBHTapHH BUpYC, cHajua y
IpyIy HajpaclpoCTPALEHUJUX XYMaHUX BHUpYCa KOjU KOJ MMYHOKOMIIETEHTHHUX 0CO0a M3a3uBa
VIJIaBHOM aCUMIITOMAaTcke WHQEKIHUje, 0K y CcTakbhuMa HUMYHOACHUIIM]CHIIH]E, TIOCe
TpacHILIaHTaluja, koa obonenux o AIDS-a, u3a3uBa Temike 00uKe 6oecT yak u cMmpt (2, 3).
HCMV ce npeHOCH NUPEKTHHM KOHTAKTOM Ca TEJIECHHUM TEYHOCTHMa WHOHUIMpaHE 0coOe u
npuMapHa uHdeKuja ce Hajuenihe goraha y netumctBy (4). [IpeHocH ce ¥ TpaHCIUTAIEHTAPHO U
MOXKE H3a3BaTH 030MJBbHO omTeheme MEeHTPaTHOT HEPBHOTI CHUCTEMa Ca pPa3BOjeM TEUIKUX
HEypOJIOIIKNX Topemehaja momyT riayBohe, Mukpouedanuje, MEHTaJlHe peTapAalnuje u
emwiencuje (5). HCMV wundunmpa Benuku Opoj hemuja, mehy muma u  ¢ubpobiacre,
Makpoare, henuje riiatke Myckyiatype, enutente u eporenne hemmje (1). Kao u cBu ocranu
Xepriec BHPYCH, HAKOH NpuMapHe uHbekuuje u autuuke pervnkanuje, CMV ycnocraBiba

JOKUBOTHY JIATEHIIU]Y, ca (pazama peakTUBaIMje U cekpennje Bupyca (6).

Benuuuna muromeranoBupyca je oko 200 nm. CMV caapxu 4eTHpu KOMIIOHEHTHE: Je3Tpo,
Karicus, TeryMeHT u omoTau (Illema 1). V jesrpy ce Hanasu aBonanyana nuHeapHa JJHK nyxune
220 kbp, ca kamanuteroM Kojxupamwa oko 100 mporemna. IIpoTemHCKM oOMOTad, Karcum,
OKpYXKyje je3rpo W 3ajemno rpanae Hykiaeokancua (7). Kancua je OKpyKeH TEryMEHTOM KOjH
caZip)kM HEKOJUKO TNPOTEMHAa KOJU YYECTBY]y Y CKIamamy BHPHUOHA M YCIOCTaBIbambhy
NpoAyKTHBHE HH(peKkuuje y HoBoj henuju. TokoMm HHpeEKIMje 0BU MPOTEHHU peMeTe o0pamOeHe
MexXaHH3Me JoMalinHa W MOMaxy y akTHBalUju ekcrpecuje BupycHux reHa (8). IMocmenma
KOMITOHEHTa BUPHMOHA XepIiec BUpyca jeé OMOTad, Yvja JBOCJIOjHA JIMIIONMPOTEHMHCKa MeMOpaHa
MoTUYE 07 HyKJIeapHe U henmujcke MemOpane nnduiupanux hemmja nomahmaa. OmMoraud BUpyca
caJip>)Ku HEKOJIMKO BUPYCHUX TJIMKOIMPOTEHHA OJ KOjUX Cy HEKH, kao mro cy gB u gH, kibyunu

3a ynasak Bupyca y hemuje (9).
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Ilema 1.

Membrane
gB
Nucleocapsid

Tegument
gH

llema 1. Ctpykrypa CMV Bupuona. [Ipey3ero u3 Immunobiology of Human Cytomegalovirus:
from Bench to Bedside. Clin Microbiol Rev. 2009 Jan; 22 (1): 76-98.

HHTepakuujoM BUPYCHHX TIIMKOIPOTEHMHCKUX KOMIUIEKCA Ca MPOTEOTIMKAHCKUM KOMILIEKCHMA
Ha hemmjckoj memOpanu henuja nomahuHa ocTBapyje ce IoueTHa WHTEpaKiMja BUpyca ca
hemjom. CMV ce 3atuM Besyje 3a cnenuduyHmje peenTope, Kao MITo je PeLenTop 3a enUTeTHH
dakTop pacra mnpeko mIMKonporenHa gB koju je komupan BupycHuMm reHuma (10).
I'mukonporenn gB y omotauy Bupyca onakmaBa (y3ujy Bupyca ca hemmjckom mMeMOpaHOM,
nenonyjyhu terymeHT u Hykieokancun y hemmjcky mmromiasmy (11, 12). Hakon ymacka y
henujy, BUpYCHH HYKJICOKAlCUJ MUIPUpA y jeIpO aKLIUjOM CHUCTeMa MHUKpPOTYyOyna, rie ce
BUPYCHH T€HOM peIulMKyje u (opmupa ce Hykieokancuna. Hykieokancua uznasu 3 jenpa
MpoJia3u KPo3 CEKPETOPHU CHCTEM IJie ce Komiuietupajy Bupuonu (13). [Iporecu ynacka Bupyca
y henujy, perunkanyja 1 u3iaa3zak HOBOHACTaJIMX BUpyca u3 henuje cy npukazanu Ha lllemu 2.
Muknyc perunkanuje HCMV je ayr, Tako Ja ce HaKOH MPOAYKIMje HEKOIMKO XMUJbada KOIHja
BHPYCHOT reHoMa 1o nHuimupanoj hemuju, 24 no 48 caru mocie mpojopa y henmjy, ociiodahajy
HoBH BHpycH. [locne perumkanuje BUpyC ce NMCEMHHYje M MH(QHUIMpa TKUBA M OpraHe mpema
kojuma CMV mnokasyje Tponuszam, enutense henuje OyOpexxHux TyOyna, AyKTyca MJbyBauHUX
KIIE3/TH, KYUIHE Kece, JeTpe U IpyTux opraHa u Ha OBaj HAa4MH ce oMoryhasa u3iny4uBame BUpyca

nyTeM TelecHuX TeuHoctu (14).
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lema 2. Xusothu ukinyc HCMV y xymanoj henuju. IIpeysero uz Immunobiology of Human
Cytomegalovirus: from Bench to Bedside. Clin Microbiol Rev. 2009 Jan; 22 (1): 76-98.

Hakon mnpumapHe wuHQpeKIje, LUTOMEraJoBUPYC YCIOCTaB/ba JIATEHTHY HWHQEKUHjy y
MOHOILIUTHMA W MHUjeNOUIHUM mpekypcopckum CD34+ henmjama koctHe cpxu (15). Hakon
nudepeHirjalrje MOHOIIUTA Y TKUBHE Makpo@dare IUTOMETaloBUPYC CE PEaKTUBHPA, 3aI0UHHE
MHTCH3MBHA PEIUIMKAllMja reHoMa M auceMuHanuja Bupyca (16). dudepenumjanumjom henuja y

KOjUMa je MpUCYTaH [uToMarioBupyc omoryhaea ce nucemuHanuja supyca (17).
1.1.1. Mumju nuromerasoBupyc (enria. Murine Cytomegalovirus, MCMV)

Mumju CMV  (MCMV) je BupyC KOjU HMa M3pa3uTe CIMYHOCTH Ca XyMaHUX
uToMeranoBupycom (18). 'enoM oBUX BHpyca MMa CIIMYHY OPraHU3aIN]y, HHOHUIHPA]y CITUYHE
henuje u w3asuBajy uaenTHuHe natojomike mpomene (19). [Tarorenese GonecTu Koje U3a3nBajy
MCMV u HCMV cy ciuuHe. YcnocraBibajy JOKHUBOTHY JIATEHLHU)y, a 0oJecT MOXe Ja ce
pa3BHja M mocie peakTuBanuje jareHTHe nHpeknuje (18). 36or oBux cmmunoctm MCMV ce
KOPUCTH Kao MOJel 3a I[poydyaBame IaToreHe3e OoJieCTH KOjy U3a3MBa XyMaHH

[IUTOMETAJIOBHPYC.
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1.1.2. AMyHCKM 0ArOBOP HA IIUTOMETAJIOBHPYC

Mexanu3mu ypoheHe U cTeueHe UMYHOCTH UTPajy KibY4HY yiaory y koHTponu CMV undeximje
(llema 3). Axyrna unbpekuuja C57BL/6 mumeBa MCMV-om 3a mocienuily uMa paHy
NpoAyKIHjy HWH(pIaManujckux 1uToknHa uHTepdepona, IL-12 u TNF-a. Makcumanna
MPOAYKIIMja OBUX IMTOKWHA CE€ JOCTHXKE 2-3 naHa mocjie WH]EeKIuje, a MpOoayKIHja CBUX
HaBeneHuX 1uToKkMHA u3y3eB IFN-y HesaBucHa je on NK hemuja m T numdonura (20).
Crumynanuja TLR3 u TLRY (enrn. Toll-like Receptor) peuentopa nenaputckux hemnuja
MOJIEKYJICKUM oOpaciuma LHUTOMErajoBHpyca aKTUBHpAa CHUTHAJIHE IIyTEBE ILITO pE3yiTyje
CeKpelrjoM npouHdIaMalnijCKUX IUTOKUHA KOjU perpyTyjy apyre hemuje ypohene nMyHOCTH H
noBehameM ekcripecuje Koctumynaropaux moiekyna CD80 u CD86, BaxHUX 3a aKkTUBAIH]y
uenyiapae umyHoctu (21, 22). [enaputcke henuje aktuBupajy crenuduune CD8+ T
mumbonurte y akytHoj $ha3u undekuuje. [L{lutomeranoBupyc Moxke U 1a IOPEMETH OBY GYHKIH]Y
neHaputckux henuja jep Bupyc aupekTHo cMamyje ekcrpecujy CD80, CD86 u MHC monexyna
I xmace (23). IFN tun | 1upekTHO yTHYe Ha CIIOCOOHOCT PEIUIMKAIMje BHpYCa WHHIUjAIHjoM
MeXaHu3aMa KOju MHXMOMpajy cuHTe3y nportenHa wim omtehyjy Bupycny PHK. Mumesn ca
nenenujom rena 3a IFN-o/p peuenrop y nopehewy ca WT mumeBuma nmajy Behu tutap Bupyca
nociie MCMV undekuuje (24). Tlopen mopemehaja y BupycHoj perukanuju, IFN tum I
MOJICTHYE ca3peBame henMja Koje TPEe3eHTYjy aHTUTeH M Tako omoryhaBa akTHUBaujy
cnerupuuanx CD8+ T mumdorura (25). CD8+ T numdorutu excnpumupajy [FNo/B penentop,
tako aa [FN tun [ Moxe 1 TUPEeKTHO Ja yTU4e Ha aKTHBAIHMjy aHTureH-crnenupuanux CD8+ T

mumMpornuta (26).

Themnje wunpunupane HCMV-om npoaykyjy xemokun CCL2/MCP-1  xoju genyje
XeMOaTpakTaHTO Ha MOHOIIMTE LITO OJAKILIABa YCIOCTAaBJbabe JIATCHILIM]E Al U TUCEeMUHAIH]je
Bupyca (27). MCMV canpxu rex koju koaupa MCK-2 XeMOKHH KOjU UMa aHAIOTHY (YHKIIH)Y
kao CCL2, perpyryje MHjETOMOHOIINTE YMME C€ IIOJCTHYE YCIOCTaBJbAE JIATCHIHjE H

auceMHHaIMja Bupyca (28).

Komnonenre ypolheHe UMYHOCTH KoOja WUrpajy KJbYYHY YIOTY Y KOHTPOJIM U KIHPEHCY
excriepumentaine MCMV  undekmuje cy NK hemuje (29). Behu tutpm BHpyca y cBum
opranuMa u Beha croma cmprtHocTH beige mumieBa mHpunupannx MCMV-oMm y3 cMameme
CMPTHOCTH M KJIUPEHCa BHpYyca KOJI OBUX MUIlIeBa KOjuM je ypaheH tpancdep NK henmja uz WT

mumeBa, nqokasyjy 3Hauaj NK hemnja y kontporn MCMV undekuuje (30). Ynora NK hemuja y
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KOHTPOJIH PEIIMKAIMje [ATOMETAIIOBIpYca je oTBpheHa u iN VItro ekcrepuMeHTHMa y KOjuma
je mokazano gnma NK hemmnje aktuBupane IL-2 wunHxuOupajy pemmukamujy HCMV vy
¢udpobmactima uHIYKIMjoM ociobahama IFN-B y wunuuupanum ¢uodpodmactuma (31).
Axtuupane NK hemmje ocnobahajy u IFN-y koju Takohe Moxke peMeTUTH BUPYCHY
pemmukanujy (32). NK henmje xox C57BL/6 mumieBa excripumupajy Ly49H, akrtuBaimonu
penienTop Koju mnpemno3Haje BupycHu mlS57 mporewn. hemmje mnpunupane MCMV-om Ha
henmjckoj MemOpaHu eKCHpUMHUpajy BUpPYCHH mnpoTemH ml57 u BesuBame Ly49H 3a ml157
NPOTEHH Y3pOKyje AMPEKTHH IUTOTOKCHYKH onaroop NK henmja mro 3a mocneauily uma
cMmameme ThTpa Bupyca (33). NK henuje BALB/c mumiea He excripumupajy Ly49H monekyi
na je panu oarosop Ha MCMYV nopemehen u oaprkaBa ce BUCOK THTap BUpyca U 3-4 JaHa Mmocie
undexuuje (34). Kipyuny ynory y wimmpeicy MCMV-a kox BALB/c wmumieBa wurpajy

uTotokcnuku T mumdonuty, a kog C57BL/6 mumieBa NK henuje (35).

XyMOpalHU UMYHCKH OJI'OBOp Ha aHTUI€HE LIUTOMErajoBUpyca Urpa yJOory y OrpaHHuyaBamby
mucemuHaije CMV u orpannuaBamy TexuHe Oosectu (36). BakHOCT XyMOpalHOT HMYHCKOT
oaroropa 3a KoHTpony omtehema wuzazBanor CMV-a je mokazaHa y eKCIIEpUMEHTAITHUM
MojaenuMa HH(EKIUje y KOojuMa je MOKa3aHO Ja MacHuBHA 3allTHTa aHTUTEIMMa CMambyje
CMPTHOCT JKHBOTHH@ H3JIOKCHUX JIETAHOj j03u nutomeranoBupyca (37). Hakon mpumaphe
undpexmje HCMV-oMm y cepymy Mory 1ia ce IeTeKTyjy aHTHTeIa Ha Behu Opoj aHTUTEeHa BUpyca
pp65 u ppl50 mporenne terymenta, riaukonpoTrenHe gB m gH u3 oMoTada, ka0 U MpPOTEHHE
yKJbydeHe Y TpaHcKpunuujy kao mro je IE-1 (38). [mukomporenH B je meo omoraua Bupyca,
eKCIPUMHUpAH j€ Ha MOBPIIMHU BHUpPHOHA M HeyTpaiuimryha anTuTena cnenuduuyHa 3a OBaj
MoJIeKyJ OJOKHpajy BE3MBam€ BUPHOHA 3a HOBE henrje u TUME OrpaHu4aBajy HIMpEme BUpYyca
(39). Ilpenoc anturena m3 HCMV-cepomno3utuBHe Majke Ha ¢eryc mpyka HOBOpoheHuery

samtuty o1 HCMV undexmumje (40).

LlenynapHu MMYHCKH OJFOBOp j€ HEONXoJaH 3a KOHTpoiy jareHTHe CMV wundekuuje (41).
3nauaj CD4+ T numdouunTta y KOHTpONIM JIaTeHTHE MH(EKIMje MOKa3aH je KOJ MHILIEBa ca
nemnenujom CD4+ T numdonuTa kaga je youeHo na oBM MuiieBd uHpuuupanu MCMV-om
umajy noehany mHumAeHy peaktuBaje MCMV (42). CD4+ T nmumdonutu urpajy yiaory y
Cy30Mjamy peruuKaiyje BUpyca y MJbYBauHUM JKJe3/jaMa y TOKY npumapHe uHdexiuje. Tutpu
MCMV vy cnesunn u miyhuma ce cmamyjy Beh y mpBoj Hemesbu mocie uH(EKIje, 0K y

IJbYBAaUHUM JKJIe3/laMa TUTap BHpyca JOCTIIKE MUK TPU Heaesbe mocie uHpeknuje (29).
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Hemnenuja CD4+ T numdonura kox mumesa npe uHpeknuje MCMV-om ytude Ha noBehame
TUTpa BHpyca y IJbYBaYHUM JKJI€3[aMa, JIOK Yy CJIE3MHM M IUTyhuMa THTpH BUpyca OCTajy
Henpomewenn (43). Madekunjy CMV-om npatu u nosehame 0poja Bupyc crnenuduannx CD8+
T numdornmra, Koju y4eTBYjy y KOHTpOJHM JareHTHe uHpekuuje BupycoM (44). JlateHTHY
nndpexnjy CMV-oMm kapakrepuiie oapxaBame nonysianyje Memopujckux CD8+ T nmumdonura
crenu(pUUHUX 3a BHPYC KOja c€ TOKOM rojauHa mnosehaBa M yTWYe HAa HUMYHCKH OJITOBOp Y
cTapujeM >XHBOTHOM 100y Ha octaine antureHe (45). erenmja CD8+ T numdonmra xon

muiiesa npe uapeknuje MCMV-oM He Mea KHHETHKY eTMMHHaIje BUpyca (46).

lema 3.

Cellular and Humoral Response to CMV

CD8+ T cells

NK Cells 2 ~ Lyse infected cells

Induce IFN-B release
via release of TNF-a,
Lymphotoxin aff
Release IFN-y

Release TNF-a, IFN-y,
GM-CSF

Lyse infected cells

,CD4+T cells

' Release TNF-a , IFN-y, IL-2,
GM-CSF

Support CD8+ T cell persistence

- - * Lyse infected cells
Prevent dissementation

Target gB, others, to prevent cell attachment and Maintain CMV-specific
penetration antibody production

Illema 3. Ilenymapau W XyMOpaJIHH UWMYyHCKH oaroBop Ha CMV. Ilpeysero wus
Controlling Cytomegalovirus: Helping the Immune System Take the Lead Viruses. 2014 Jun; 6
(6): 2242-2258.
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1.1.3. Moaynanmja HMYHCKOT OIT0BOPAa HUTOMETraJI0BUPYCOM

[TojenuHM BUPYCH Cy MPOHANUIM HAYMHE Ja W30€rHYy MMYHCKH CHCTeM joMahuHa, KOju UM
omoryhaBajy 1ia ce perinKyjy, IMCeMHUHY]y U NeP3UCTUPAjy TOKOM YUTABOT KHUBOTA, IIOBPEMEHO
Ce peaKkTHBHpAjy, ajlHM YIJIIaBHOM OCTajy y jareHTHOM o0muky (47). CMV mnocenyje Opojue
MeXaHU3Me KOjuMa m30eraBa UMYHCKH CHCTEM KOjH PETYJIHINY CBaKy KOMIIOHEHTY HMMYHCKOT
OJITOBOpPAa M KOjU C€ CMaTpajy BaXKHHUM 32 TNEP3UCTCHIM]Y BUpPYCa, KAa0 U 32 XOPU3OHTAIHO
mmpewe Bupyca (48). bpojun renn CMV-a xomupajy mpoTerHe KOjU MOJIYJIHMINLY HMMYHCKH
onrosop nomahuHa u omoryhaBajy nep3ucteHiyjy supyca. IIporennn koje konupa CMV ytuuy
Ha 3ajapxaBame uin aerpaganujy MHC momnekyna | kinace y eHIOIIa3MaTcKoM PEeTUKYIYMY H
Tako oMerajy mpeseHtanujy antureHa CD8+ T mumdomnmruma y ckinomy MHC monekyma I
Kiace. Y OBaj mporec YKJbYYEHO je HajMame detupu npoaykra CMV rena: US2, US3, US6, u
US11 (49). Ilporennu Koje Koaupa BUpYC yTudy u Ha naerpaganujy MHC monekyma Il kiace
(50). Cmameme 6poja MHC mosnekyna | kinace Ha noBpuiiad uHuippane henuje aktuupa NK
henmje koje youjajy 3apaxene hemuje. Mehyrum, CMV takohe yrnue Ha mosehame excrnpecuje
HLA-E, xomonora MHC womnekyma | xnace, Ha wHpuuupanuMm hennjaMa KOju aKTHUBHpaA
unxubunujcke peuentope Ha NK hemnjama u Tako uzberaBa AMPEKTHY IIUTOTOKCHUYKY

aktuBHOCT NK henuja (51).

CMV undummpa aeaapurcke henrje Koje yBoJau y crame PYHKIIMOHAIIHE HEAKTUBHOCTH M TAKO
cripevaBa Mpe3eHTAalHWjy BuUpycHHX aHtureHa T mumdormruma (52). Jenapurcke henuje
uHpummpane MCMV-om wumajy cmameny ekcnopecnjy MHC wmonekyna 1 kmace wu
KOCTUMYJIATOPHUX MOJIeKysa, W TmopemeheHy mnpoaykiujy uHOIaMalnjCKUX [HUTOKHUHA.
Hennpurcke henuje 3apaxxene MCMV uak M HakOH TpeTMaHa CTUMYJIyCHUMa KOJU MOACTHYY
NPOAYKIM]Yy HWH(JAMalMjCKUX LMTOKMHA Kao IITO je JIMIONOJHCaXxapua He NPOaYyKY]y

OYEeKHMBaHE KOJMYUHE OBUX UTOKKHA (23).

1.2. Knacudukanuja u cTpyKTypa raJleKTHHCKHX MOJIEKYJIa

JlexTuHu cnafajy y ¢paMuwinjy €BOJIyLHOHO KOH3E€pPBUPAHUX MPOTEHMHA KOJU MMajy MOryhHOCT
Bes3uBama yribeHux xuipara (53). KnacupukoBanu cy y 4 rpyme: NMEeHTPaKCUHH, TaJCKTHHH,
nektunu C tuna u P tuna (54). Fanextunu cnanajy y Gamunmjy raukonporenHa ox 15 yianosa
(o3Hauenu OpojeBuma ox 1 mo 15) (55). UnanoBu oBe daMuinje MMajy HajMame jelaH JTOMEH

KOJUM TIpemno3Hajy yribene xuapare (eurn. Carbohydrate recognition domain, CRD) wu
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CTIIOCOOHOCT BE3HMBamka aMUHOJIAKTO3HE jeJMHHIIE YHYTap TiMKaHa. JIOMEH 3a mperno3HaBame
VIJbEHUX XHUJpaTa MMa BHCOK aUHUTET 1a Besyje P-rajakro3wae W ayxuHe je oko 135

amuHOKucenuHa (53). Ynanosu pamunuje rajekTuHa ¢y nojaesbenu y 3 rpyne (56):

e Proto"- tum rasekTuHH Cy HEKOBAJEHTHH XOMOJIMMEPH, KOjU IMOCEIYjy JiBa JIOMEHA
KOJHMIM TIPEIo3Hajy yribeHe xuapare. OBoj Tpynu npuranajy rajaektus 1, 2, 5, 7, 10, 11,
13,14 u 15.

o ,Tandem repeat"- THN TaNeKTHUHU cCaJp’Ke JBa JIOMEHAa KOJUM IIPENO3HA]y YIJbEHE
XHMJpaTe Koja Cy MOBE3aHa KpaTKUM MENTHIOM KOju je pasnuuure ayxuHe. OBoj rpynu
npumnazaajy ranexktut 4, 6, 8, 9 u 12.

e ,,.Chimera"- tum rajekTHHA UMajy 1 TOMEH 3a MPEMO3HABAbE YIJbEHUX XHIpATa KOjHU je
CTOjeH ca He-NIEKTUHCKUM N-TepMHUHAIHUM KpajeM. YinaH oBe rpyme TajeKTHHa je

TIEKTUH-3.

lanekTuHM MOTY OUTH EKCIPUMHUPAHU Y CKOpO CBUM henujamMa ¥ TKUBMMA U TO HA MOBPIIMHU
henuje, y mUTOIUIa3MHU, y jeIpy, WM Y COJIYOMIHOM OOJHKY y TelecHHMM TeuHocTuma (57).
[Mpucytau cy y pasnuuutiM henujama ypohene u creuene umynoctu (58). [amexktun 1 u
rajJeKTUH 3 Cy eKCIPUMHUpPAaHH y pa3IM4uTUM henujamMa M TKUBUMA, a TAIEKTHH 2 caMo y

aurectuBHOM enureny (59).

Ilopen Tora mro umajy aduHUTET Ja Be3yjy TalakTo3y, IOjeMHH TaJleKTHHU IOCELy]y
criocobHoct aa mpunaroge CRD pernon kako Ou Besanu paznmuute onurocaxapune (60, 61).
BesuBameM 3a MIMKOKOHjyrare Ha MOBPIIMHU henuje rajlekTHHH MoKpehy pa3ianunTe CUTHaJIHE
nytese (62). UutparenyaapHu TaleKTHHU Ce BE3Yjy 3a pa3IUUUTE HHTPAIETyIapHE MPOTECHHCKE

nuranjie u nokpehy pasnuuure uaTpahenujcke curnanHe myrese (63).

Toxom emOpuorenese u audepeHImjanmje Mema ce eKcrnpecuja ranekTura (64). [anektuau cy
YKJbY4YeHHU y OpojHe mnporiece y henuju, mponudepainjy, audepeHIyjainjy, anomnTosy, aaxe3ujy,
oopany PHK (65-67). lanektuHm cy Takohe YKJbY4EeHM W Yy TaTOTEHE3y pPa3IUuUTHX

MATOJIOMIKKX cTama (58).
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1.2.1. CTpykTypa rajekTuHa-3

[Momunentuanu nanar ranektuHa-3 cafpxu N-tepmunamau u C-tepmunanau gomeH (CRD
peruon) (Illema 4). CRD y4ecTByje y npeno3HaBamy yribeHux xuapara (65, 68). N-repmunanuu
JOMEH raJleKTHHA-3 cafp K cepuH Koju Moske aa ce pocdopuuire (69, 70). OBaj nomen Takohe
MMa CEKBEHIIE CIIMYHE KOJIETEHY-0 KOje Cy Oorare MpoIHHOM, TIIHIMHOM U THpo3uHoM (68, 71,
72). 3axBasbyjyhu N-TepMHHaIHUM JOMEHMMAa MOJCKYJIM TalleKTHHA-3 Cc€ YIAPYXKYjy ¥y
NeHTaMepe, YHAKPCHO TMOBE3Y]jy TIMKOKOHjyraTe W Mokpehy nHTpanenynapHe CUTHAJIHE ITyTeBe
(57, 73, 74). Jleneumja mpBux 11 amumHOoKucenuHa y N-TEpMHHAIHOM JIOMEHY HHXHOUpPa
CeKpeldjy rajekTuHa-3, ITo yKasyje aa je N-TepMHUHaIHH JOMEH BaxkaH 3a oBaj mporec (73,
75). N-TepMuHAIHM JOMEH peryjiMiie arnontro3y henuja. Myranuja ceprHa Ha MO3HLUJH 6 Y
okBUpy N-TepMHHAIHOT JOMEHA MHXHOWpAa aHTHAMONTOTCKY (GyHKIH]jy raiekrtuHa-3 (72). C-

TePMHUHAIIHU PETUOH TralieKTHHA-3 caapxu 135 amuHOKHCcenuHa Koje (opMupajy riodymnapHy

cTpyktypy (76).

lema 4.

Galectin-3
ligand
_— Chimeric
COOH termunus N \ Galectin-3 ‘
Carbohydrate Recognition

Domain (CRD)

Collagen-a-like \
domain

NH2 terminus
Serine phosphorylation site

monomer oligomer

[llema 4. Ctpykrypa ranektuna-3. Ilpeysero uz Radosavijevic G u cap. Ser J Exp Clin Res
2016; 17 (3): 187-198.

1.2.2. buosaomke ¢pyHKUMje rajekTHHA-3

lanextnH-3 Moke OWTHM JIOKaIM30BaH Ha NOBPUIMHM henuje, y LHUTOIUIA3MH, JeApy H
excrpahenujckom npoctopy (77). ['anekTuH-3 Be3yje paziauyuTe JIMTaHAe y eKCTpalenyIapHoj U
MHTpALeNyJapHO] CpeauHH U ob0aBiba OpojHe ¢yHkuuje y hemuju. YHyTap nuTorasme
nojactuue  hemmjcky nponudeparujy  (78). Tanexktun-3 Takohe perymmme henumjcky
mudepentmjanjy B mumdonurta, makpodara u menapurckux hemumja (79-81). BesuBamem 3a
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AQHTHANONTOTCKA Bcl-2 mpoTewH y MMTOIUIAa3MH, TaleKTHH-3 uHXHOHMpa amonrtody (82).
lanekTnH-3 yTM4ye M Ha mocT-TpaHcaanuoHy oOpanay wuHdopmanuone PHK (enrm. mRNA

splicing) (83).

ExcrpanenynapHu rajekTuH-3 YHaKpPCHUM IIOBE3WBAKEM JIMTAaHAJAa Ha TOBPIIMHHU hemnuje
M3a3MBa aKTUBAIM]y HHTpAIeIyJIapHUX CHUTHAIHUX IyTeBa W aktuBanujy hemmje (77).
Excrpanenynapau rajekThH-3 y4ecTByje y anxe3uju hemuja octBapyjyhm HHTepakiuje ca
yIJbCHUM XHJIpaTHMa MPUCYTHUM Ha MOBPIIMHM henuja v y eKcTparenyiapHoM marpukcy (77,
84). l'anexkTuH-3 MOXe J€J0BAaTH M Ka0 XEMOATPAKTAHT, CTUMYJIHIIE MHUIPAIHjy MOHOIIUTA U

Mmakpocara (85).

[ToBehana ekcrpecuja rajexkTuHa-3 je 3a0enexxkeHa y MHOTUM Tymopuma. [locToju uHaupekTHa

Kopenaunja I/ISMehy HHBOA eKcnpeCHje rajekThHa-3 U MeTacTaTCKOT HOTGHI_II/IjaJ'Ia KapnuHoMa

(86).

1.2.3. YJora rajekTuHa-3 y peryjucamby HMYHCKOI 0Ar0OBOpa

hemuje ypohene wuMyHOCTH, MOHONIMTH, Makpodaru, eo3uMHOPHIH, AeHApPUTCKe henuje,
KOHCTUTYTUBHO €KCIIPUMHUPA]jy TAIEKTUH-3, IOK Ta henmje cTeueHe UMYHOCTH €KCIIPUMHUPA]Y TEK

HakoH aktuBarmje (87).

lanextrH-3 TIOCEMyje BaXHY YIOTY Yy peryiucamy WH(IAMAIHMjCKOT OJTrOBOpa W Jieiyje Ha
XEMOTAaKCy, aJIXe3ujy W aKkTuBalujy hemuja, onconusanujy u ¢aromurosy (88-90). NanexTun-3
noBehaBa cTBapame pEaKTUBHUX KHCEOHMYHHMX pamukana u IL-1 y wmakpodaruma (79).
Makpodaru u3 rajekTuH-3 AeULMjeHTHUX MMIIEeBa Cy CKJIOHHUjU alonTo3u o Makpodara u3

rajJeKTUH-3 Mo3uTUBHUX Muiena (91).

Makpodaru 3Ha4ajHO eKCIIPUMHPAjy U cekperyjy ranekTuH-3 (79). anexktHH-3 cTUMYNHILE
MPOAYKIH]Y CYITEPOKCHIAHNUX aHjOHA y XyMaHUM MoHoIuTUMA (79), 1 [Ienyje Kao XeMOoaTpaKTaHT
3a MoHorure u Makpogare (85). Crumynumie (HaronuTo’y amonTOTCKUX THMOIMTA U
EPUTPOIIMTA KOjU Cy ONCOHWU30BaHM MMYyHOTI00yrHOM Kiace G (92). OBaj JEKTHH MOACTHYE
aJITepHATHBHY aKTHBalM]y Makpodara. Makpodaru M30J10BaHU U3 TaleKTUH-3 Ae(pULINjeHTHUX
MHUIIIEBA ce clIabKje aKTUBHUPA]y YKOJIHUKO Cy U3J0XKeHU nuTokuHuMma IL-4 u IL-13, 6e3 npomene

aKTHBAIIMje YKOJUKO Cy H3JoKeHW yunomnonucaxapuay u IFN-y (93). Takohe, makpodaru
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M30JI0BaHU M3 TaleKTHH-3 JedUIUjeHTHUX MHIIEBAa CTUMYJIHUCAHU JIMIIOMOJIMCAXaPHUIOM

npoaykyjy Behy konuuuny npouHdaamaiijckux urokuHa (94).

lanexTnH-3 QYHKIMOHHUIIE KA0 XEMOTAKCHH MOJIEKYN 3a HeyTpoduie u noehaBa ¢aronurny
aKTUBHOCT HeyTpodmia. [loncTrue aaxesujy XyMaHux HeyTpoduia 3a JJaMUHHH M CHIIOTEITHE
henuje (95, 96) W crumynmiie MOPOAYKIH]Yy CYINCPOKCHIHHUX aHjoHAa y HeyTpopuiuma u

nerpanynaiujy macrouuta (97, 98).

AxTtuBanuja, GyHKIHMja ¥ MHATpalja ICHIPUTCKUX henmuja 3aBucu u oj ranekruna-3 (99, 100).
Tokom unpeknuje aenapurtcke henuje noeharajy excrpecujy ranektuna-3 (101). Excripecuja
rajieKTHHA-3 y IeHAPUTCKUM hesujaMa yThue Ha mojapu3aiujy uMmyHckor oarosopa (101-103).
lanekTnH-3 Ha neHApuTCKMM henujama (QYHKIMOHUIE W KAao PELENTOp 3a IMPEIO3HABAEC
MOJIEKYJICKUX oOpasaria (eHri. Pattern-recognition receptor, PRR) u Tako yrude Ha IPOIYKIIHjY
npouH(IaMaNNjCKUX [IUTOKUHA Y ACHAPUTCKUM henrjama. MHXnOHUIMjoM raiiekTuHa-3 cMamyje
ce ekcrmpecuja IL-6, IL-1B m IL-23, a moBehaBa excmpecuja IL-10 u IL-12 y xymaHum
neuapurckum henujama (104). [enapurcke henuje n3om0BaHe W3 rajJeKTUH-3 JIePHIINAjEHTHAX
MHuIIeBa MPOoAyKyjy Behy komuuuny IL-23 u u3a3uBajy cHaxxuuju Th17 oaroBop y mopehemy ca

JeHAPUTCKUM helrjaMa MopeKIoM U3 MUIIeBa auBJber coja (105).
[anexTrH-3 MOACTHYE XEMOTAKCY €03MHO(DUIIA Y eKCTIepUMeHTaTHOM Mojey actme (106).

IanexTrH-3 KOHTpOJMIIe anonto3y u mnponudeparujy T mumbonura (107, 108). AmonTosy
aKkTHUBUpaHNX T JUMQOIMTAa MOACTHYE EKCIpecHja eKCTPaLEeIyIapHOT TaleKThHAa-3, 0K
eKCIpecHja MHTpaleTyIapHOr TajJeKTHHAa-3 UMa CYNpOoTaH edekaT CIpedaBa aronTo3y OBHUX
henuja (109). T'anektHH-3 ce Be3yje 3a eKCTpalelylapHH A0 TPAaHCMEMOPAaHCKHX MOJEKyJa
CD7 u CD29 mro akTHMBUpa MUTOXOHIPHjaJIHU IYT amonTose, ociobaha ce muToxXpomM-c u
akTuBHUpa ce kKacnaza-3 (107). YTepheH je 3HauajaH CTENEH CIMYHOCTH CEKBEHIM TaJICKTHHA-3 |
AHTHANONTOTCKUX mpoTenHa u3 Bcl-2 damunuje m nga wWHTpanenynapHu TaleKTHH-3

aKTHBAIMjOM OBHX aHTHTIIONTOCKUX MOJIEKYJIa CylpUMHUpa arnonto3sy (82).

IanextnH-3 moBehapa nmpexxuBibaBame B mmMdoruTa, 3aycTaBiba qudepeHnnjanyjy oBux hemmja

y TUIa3MOLIUTE ¥ MHAYKYje nudepennunjanujy y memopujcke B mumponute (80).
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1.2.4. Yora rajiekTuHa-3 y HH(QEKIUjU U AKYTHOj M1 XPOHUYHOj HHIaMauuju

lanextrH-3 je yKJbyde€H y MHOTE MPOIECEe KOjU YUYECTBY]Y Y pa3Bojy akyTHe uH(pIamarwje,
NONYT akKTUBalnWje W anxesuje Heyrpopmina (95), xemorakce MoHoLMTa M Makpodara,
akTuBanuje Macrorura (85). UnanoBu (aMuinje raJcKTHHA MOTY JEJIOBaTH Kao PELEHTOPH 3a
[perno3HaBame MOJICKYICKUX oOpaszana maroreHa (110, 111). NanekTrH-3 MOKe 1a ce BEXe 3a
IJIMKaHEe KOjU Cy eKCIpUMHpaHM Ha MuKpoopranuzmmuma Leishmania major, Neisseria
gonorrhoeae, Trypanosoma cruzi u Shistosoma mansoni. ¥ oBum uHpekujamMa rajiekTuH-3 uMa
npouHduamanujcky yaory (112-115). ITokazaHo je da rajekThH-3 MOKE Ja OJaKIla HaCTaHaK
nH(pEKIMje TOojeAMHUM MHKPOOPTaHM3MHMAa, jep oMoryhaBa ajaxe3wjy MHUKpOOpraHu3zama 3a
henuje nomahmua u Ha Taj HauMH moBehaBa JECTPYKTHBHH OAroBop HH(pIamanujckux hemuja
koje omrehyjy opranuzam jgomahmua (116-118). MumeBu ca neuIMjeHINjOM TaleKTHHA-3
WHUIMpaHK TATOreHUM Tapa3suToM SChistosoma mansoni, pasBujajy ciabuju creruduanu
OJIrOBOp Ha napa3uT. Pa3Bujajy Mame rpanynome, 1eTeKToBaH je Mambu 0poj B u T numdonura y
CIIe3WHHU, a CBE je mocienuna ciabuje akTHBanuje cnenu(uyHe MMYHOCTH ICHIPUTCKUM
henujama koje He ekcrpumupajy ranektuH-3 (102). anektuH-3 nAeUIMjEHTHH MUILEBU CY
noutoxkHuju uHpekmju ribuBoM Paracoccidioides brasiliensis, jep ce y oaroBopy Ha OBY
[JbUBY Y OJICYCTBY T'aJIeKTHHA-3 aKTUBUPAjy PEryJIaTOPHU Makpodaru Koju yTuay Ha pa3Boj Th2
umyHckor oaroopa (119). Ianextun-3 nedunmjeHTHH MUleBH WHUIMpanu Streptococcus
pneumoniae pa3ujajy jaun Thl umyHcku oxaroBop u Behu crenen omtehewma miyhHor TkuBa
(88). ITonmapu3aija CTeYEHOr UMYHCKOT OJrOBOpa IOJ YTHIAjeM TalleKTHHA-3 BEPOBATHO je

3aBHCHA O] THIIa ITaTOreHa Koju u3asusa 6osect (120).

lanexTnH-3 wWrpa BaxHy yJOry Yy NaTOreHe3W MHOTOOpOjHHX BUpPYCHMX HH(pekuuja. OBaj
MOJIeKysT KOoHTposuine yrmazak Herpes simplex virusa tip 1 (HSV-1) y xymaHe kopHeaiHe
keparuHormte (118). VYipykuBame ranekTHHa-3 ca TpPaHCMEMOPAaHCKMM MYyLWHAMA Ha
MOBPIIMHYA KOPHEATHUX KepaTWHOLUTA orpannvaBa uHpekujy Herpes simplex virus-om (118).
lanexkTnH-3 je HeomxomaH 3a edukacHy HHOEKIHjy W ymasak Parvovirusa y hemuje
¢ubpodracta u Tymopa nojke (121). Takohe, ranextun-3 npomosuiie uznazak HIV-1 Bupyca
(eurn. Human immunodeficiency virus, HIV) n3 nndumupanux T mumdonura (122). deneuunja
TeHa 3a TaJeKTUH-3 Wrpa TPOTEKTUBHY YIOTY y BHPYCHOM MOJETY MYITHIUIE CKJIEpO3e

cMamyjyhu nHGUITpaIKjy UMYHCKHX henmuja y cyOBeHTpuKyaapHoj 3ouu (123).
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[anekTHH-3 UMa BaKHY yJIOTY y MATOTCHE3H XEMAaTUTHCA KOJH je MHIIYKOBaH KOHKAaHABAJIMHOM A
(Con-A). I'anekTrH-3 AeUIMjEeHTHE MUIIEBU CYy UMaId 3HaYajHO Mamy WH(pIaManujy jetpe u
3Ha4YajHO Mamu Opoj edekropckux henwja (124). Y oBom mumijem Mmojueny (GyJIMUHAHTHOT
XETMaTuTUCa KOju je MHAyKOBaH mpuMeHoM Con-A, TalleKTUH-3 uMa MpOouH(IAMAIU]CKy YIIOTYy

(124).

Y MHOTMM MOJeNTUMa ayTOMMYHCKHX OOJIECTH je UCIIUTAHA YJIOTa rajeKkTuHa-3. Y mojaeny tan |
Diabetes mellitus-a u3a3BaHor moHaB/baHMM MaJMM J03aMa CTPENTO30TOIMHA YOUEHO je J1a
TQICKTUH-3 neHIMjeHTHH MUIIEBU pa3BHjajy Mame omTeheme MaHKpeacHWX OCTpaBama ca
Mambe H3pakeHOM HHGMITpanujoM MoHOHyKjIeapHuM hemujama (103). TamexktuH-3 cmamyje
anonTo3y hemuja y mupunrparuma IIHC-a u mosehaBa cunresy IL-17 u IFN-y y mogmemy
EKCIIEpUMEHTATHOT ayTOMMYHCKOT —eHIledanoMujenutuca. MumeBn ca IeUIjeHInjoM
rajiekTuHa-3 umajy 3Hauajo cnabuju EAE y nopehemy ca ranekTuH-3 mo3UTUBHUM MUIIIEBUMA
(101). Cauuan edekat rajgekTuHa-3 MOKa3aH je U Y KCIIEPUMEHTATHOM MOJIENy PEyMaTOMIHOT
aprputuca. ['anexTns-3 neuujeHTHH MUIIEBH HAKOH WMYHHU3aIlMje aHTUTEHOM KOjU M3a3MBa
apTPUTUC HWMajy Mamy KOHLEHTpanujy mnpouHdmamanujckux nutokuHa IL-6 m TNF-o u
ayToaHTHTeNa y cepyMy u Mamwu mpoueHat Thl7 henuja y cnesunu (125). Y ekcriepiMeHTaATHOM
MOJIEITy aTepPOCKIIEpO3€e TaJCKTHH-3 OCTBapyje MPOTEKTUBHY YIJIOTY jep MOJCTUYE MPEY3UMabe U

euKacHO yKiIamame MoquduKkoBaHuX junonporenna (126).

1.2.5. ExcnipecHja rajieKTuHa-3 y HeHTPAJIHOM HEPBHOM CHCTEMY

lanexTnH-3 je eKkcnpuMupaH y LHEHTPaJTHOM HEPBHOM CHCTEMY YKJbY4UyjyhH MO3aK U KHUUMEHY
MOXAMHY Y pa3IMuuTHUM henujama: akTUBUpPaHa MHKpOIJMja, Makpodaru, erneHAMMOILNTH,
acTPOLUTH CyOBEHTpPHUKYJapHE 30HE, HEYpOHU Y pernoHy xumnokammyca u llIBanose hemnuje
HaKOH TIOBpe/ae HepaBa. ['alnekTuH-3 CTUMYINHINE aJXxe3ujy HEepBHUX henuja W pacT HeypuTa
(127). TanexTnH-3 je eKCIIpUMHUpAH y CMCHIUMOIMTAMA M aCTPOLUTHMAa CyOBCHTPUKYJIApHE
30HE T/Ie MMa YJIOTYy y peryiaiuju Murpamdje Heypobiacta TOKOM pa3Boja mo3sra (128).
l'anexTtnH-3 CcTUMyNIMIIE HEYpOreHE3y M AHTMOT€HE3y UM HMMa BaXKHY YJIOry Yy Mpolecy
peMoJieNoBaa MOXKIAHOT TKHBAa HaKOH McXeMujcke moBpene mo3ra (129). amextun-3 takohe
CTUMYJHILE Au(epeHujalujy OJUroJeHAPOLNTa, JoNpUHOCehn mpolecumMa MHjeTuHU3aluje

IIITO MO’KE J1a orpaHu4u nporiece aemujenuuusamje (130).
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Excnpecuja ranekruna-3 je moBehana y MUKpoOriauju u MakpodaruMa y KUUMEHO] MOXKIUHUA U
ONITUYKHM HEPBHMa KOJI MUIIIEBA Ca EKCIIEPUMEHTATHIM ayTOMMYHCKUM CHIIE(aTIOMH]eTUTHCOM
(131). Kao oaroBop Ha uH(pIaMalMjcKe CTUMYJIyCe, MHKpOIJIMja CEKpPEeTyje TaJeKTHH-3 KOju
nenyje kao engorenu ymrana 3a Toll-like peuentop 4 (TLR-4). T'anektun-3 yuectByje y
akTHBaIMju mnpouHpmamarujckor M1 ¢eHotuna MukporiaujaaHux henwja W Ha Taj HAYUH
[IPOMOBHIIIE HEypouH(IaMalujy y Mojaedy HeypouHpuamanuje uzasane LPS-om (132). Ca
Apyre CTpaHe, TaIeKTHH-3 0CI000heH M3 MHUKpOIJIHMje MMa MPOTEKTUBHE, aHTUUH(IaMAIIH]jCKe
edekTe y amuorpoduuHoj JarepanHoj ckiaepo3u (133). Excripecuja ranekruna-3 je nmopehana y
IPHOHCKMM HH(peknrjama MokaaHor TkuBa (134) M y EKCIHEPHUMEHTAIHOM ITHEYMOKOKHOM
meauarutrcy (135). Akymynanuja aOHOpPMaJHHUX MPOTECHHA y IPHOHCKHM OOJECTHMA H
HEYpOJETEHEPATUBHUM O00JbEbMMa IICHTPATHOT HEPBHOT CHCTEMa je yApyXeHa ca Behowm
SKCIIPECHjOM TaJIeKTUHA-3 y akTUBUpaHUM Makpodarama u mukporiuju (136). Takohe mokazana
je mnoBehana ekcmpecuja TraleKTHHA-3 y aKTHUBUPAHO] MHKPOTJHJU KOJI MHILIEBa ca
CKCIIEPUMEHTAIHUM eHIledanruTicoM u3azsanuM Junin Bupycom (137). Tlosehana ekcrpecuja
raJieKTHHA-3 je youeHa y JIETeHEepaTHBHUM Je3MjaMa MOo3ra MHIIeBa ca eHredamuTucom

y3pokoBanor Encefalomiokarditis Bupycom (enri. Encephalomyocarditis virus, EMCV) (138).
1.3. MyaTumia ckjiepo3a

Myntumia ckiepo3a (MC) je unduamanujcko aemujenuausupajyhe odosseme [IHC-a. MC je
BojiehM Y3pOK HeTpayMaTCKe HMHBAJIMIHOCTH KOJA MIIAJAMX y HAJIPOAYKTUBHUJUM TOAMHAMa
xuBota (139). AkTUBHpaHEe ayTOpeaKTHBHE MMYHCKe henmuje MHOHUITPUIILY MO3aK U KHUYMEHY
MOXJIMHY U3a3uBajyhu AyrorpajHy uHpIamanujy, MpOrpecUBHY JeMHjEIMHU3ALM]Y U
HEypOJereHepalnjy IITO H3a3uBa mopemehaj y crnpoBohermy HEpBHUX UMITyJIcCAa U Ha Kpajy

ryoutak akcona (140).

Tauan y3pox MC je jom yBek Hemo3HaT. lllupoko je mpuxBaheHo na je marosoruja OosjecTu
MOCpeZIoBaHa MMYHCKHM CHCTEMOM KOJl TeHETCKHM oceT/buBuX nomahinHa (141). Pazmuumntn
anenmu MHC nokyca anu u non-MHC rena cy ynpyxenu ca noehanum pusukom oj passoja MC
(142). Ocum reHerckux (akTopa Koju oapelyjy OCeTIbMBOCT M KOjU MOTY YTHUIATH Ha TEKHHY
OostectH, (aKTOPH OKOJHHE Takohe MOry JOmpuHETH mokperamy Oomectu (143). Undexmuje,
noceOHO BUPYCHE €THOJIOTHje M HelocTaTak BuTamMuHa D mory fgonpuHetd paszsojy MC (144).
Hexonuko Bupyca mory nenoBatu kao okugaun MC. Hajuemhe mpoydaBaH BUpyC KOjU je

noBe3an ca MC je Epstein-Barr supyc (EBV), unan ¢damunuje Herpesviridae (145). JIpyru
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Xeprec BUPYC, XYMaHHU ITUTOMETAJIOBUPYC, Takohe je MpemIoKeH Kao MOTCHIHjaTHU OKHIa4
ayroumyHckor mnporeca y MC. IloBumenn tutpu 19G cnmupuunux 3a HCMV cy yodenu y
cepymy obosenux og MC (146). [Ipema XUTHjeHCKO] XMITOTE3H CMakEH KOHTAKT MITA U30CTaHAK
KOHTaKTa ca y3pOYHHIMMAa WH()EKTHBHUX OOJECTH y JICTHICTBY H3a3MBa HEAJCKBATHY
peryiaimjy IMyHCKOT OJITOBOpa M MOXE JONPHHETH Pa3BOjy ayTOMMYHCKUX OOJIECTH, Kao IITO

je MC (147).

Knuanuke manudecranuje MC mory outn pasnuuute. Hajuemrhun o6muk MC je ca penancuma u
pemucHjama, Koju KapakTepuiny ¢a3e HeypOoJIOIIKUX UCMaja, pejarnca, ca MepruoaoM OIopaBKa,
pemucuje, u3sMely nBe ¢daze pemarnca. OBaj obauk MC moxke na mpehe y CeKyHAapHO-
nporpecuBHy MC, koja uma niporpecuBHu Tok. Cinenehu 06muk MC je mpuMapHO-IpOTrpecHBHA
MC, koja MPOrpecHMBHO Hampeayje Oa caMmor Ioyerka Oosectd 0Oe3 mobosbmiama (148).
[Mocnenmwu o6muk MC je mporpecuBHO-penarncia MC, Koja ©Ma MPOrPECHBaH TOK OJ1 ITOYETKA ca

MOBpeMEeHKM Toropmamuma (149).

1.3.1. UmyHonaToreHe3a MyJITHILIE CKJIEpPO3e

Behu neo pasymeBama HMMYHONATOI€HE3€ MYJITHILIE CKJIEPO3€ CE€ OCIaka Ha HUCIHUTUBAMKbA
eKCIEpUMEHTATHOT ~ ayTouMyHcKor eHuedanomujenutuca (EAE), anumamHor Monena
uHpnamanujcke nemujenuHusanuje I[HC-a xoju Moxe J1a ce HMHAYKYyje MMYHH3ALHjOM
IPOTEMHCKUM KOMITIOHeHTama mujenuHa. EAE nenu MHOre XMCTOJIOIIKE KapaKTEpUCTHUKE ca
MYJITUIUIOM CKJIEPO30M, YKJbYyuyjyhu akTUBHY Je€MUjeIHMHU3AIN]Y, TyOUTaK OJIUTOJACHAPOLUTA 1
aKCOHa TIOCPEOBAHMX WMYHCKHMM MEXaHM3MHMa KOjH Cy BEpOBaTHO TOKpeHyTH T

muMponuTrMa criermduanum 3a mujesus (150, 151).

Cmatpa ce ma je 3a pa3BOj MYJITHUIUIE CKJIEPO3€ KJby4aH TYyOHWTaK ayTOTOJIEpaHIMje Ha
MujenuHcke U jpyre anturene I[HC-a mto pe3yntupa akTHBalUjoM ayTOPEaKTUBHUX T
mumdormra Ha niepudepuju (152). T numdonut criennpuuHA 32 MUjEIUH, AKTUBUPAHH H3BaH
I[IHC-a, cocoOHu cy fa MUrpHupajy Kpo3 KpBHO-MOXJaHy Oapujepy. [Iporec Tpancmurparimje
yKJbydyje HHTepakuujy wusMel)y kacHor anturena-4 (emrnm. Very Late Antigen-4, VLA-4)
npucyTHor Ha T nuMdonuTHMa M BacKyJapHOr henujcKor aaxe3uBHOr MoJekyna-1 (eHri.
Vascular Cell Adhesion Molecule-1, VCAM-1) ekcipuMupaHOT Ha KalmHJIapHUM €HAOTEITHUM
henujama. Y oBaj mporec je ykjbydeHa M MHTEpaKLja jOII HEKOJUKO Pa3IMYUTHUX aJXE3UBHUX

MOJIeKyJla, XeMOKHHA W Metanonporennaza martpukca (150, 153). Hakon ymacka y ITHC,
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aKTUBUPAHU ayTOPEaKTUBHH T JTUMQOIUTH MOTY TIOHOBO Jia CE PEaKTUBUPA]y Y KOHTAKTy ca
nentuagHuM ayroanturenuma [{HC-a y koutekcty MHC Monekyna Il kinace ekcnpuMupaHux Ha
nokaHUM henwjama Koje Tpe3eHTyjy aHTureH (neHaputcke hemuje, makpodarn u B
TUMQOINTH) ITO AKTUBUpPA WHQIAMAIM]CKY Kackaay u3a3uBajyhu ocioOahame MUTOKWMHA U
XEMOKHHA, perpyranujy aojaaTHuX wuHbIamanujckux henuja, ykmpyayjyhum T mmmdorure,
MoHoOIMTEe U B nmuMdonure, a Mep3uCTEHTHA aKTHBAllMja MHUKpPOTJHje M Makpodara KOHA4YHO

pesyarupa omrehemem mujenrna (154-156).

[IpucyctBo T mumdorura ynyrap nesuja [{HC-a ce Mmoxe oTkputn y panuM ¢azama MyJITHILIE
ckiepose (157). ITokazaHo je ma Koa 000X O MYITHILIC CKIEPO3€ MOCTOje MUPKyIUiryhn
CD4+T nmumdoruTi Koju mpeno3Hajy 0a3Hu NMPOTEHH MHjEIIMHA, MPOTCOHITHIHU TPOTCHH U
MUjEIIMHCKU OJIUTOJICHIIPOIIMTHN TIMKOMPOTEHH, ajl HKHUXOBO MPUCYCTBO j€ Takohe yOueHO H
KOJ 3/IpaBMX IOjeAMHAIla U IOCTOje CYNPOTHH JI0Ka3d y MOIJieAy MOTEHLUMjaJHUX pasjvka y
¢bpexkBeHIMjU ¥ aBUmUTeTy OBMX henmuja m3mely nse rpyme (158, 159). CyGnomynanuje
epexTopcknx CD4+ T mumdonmra koje urpajy kpyuny yiory y passojy MC cy Thl u Th17
henuje. Mehyrum, penatuBuu 3Havaj Thl mumdonmra Hacympor Thl7 numdoruruma y
MaToreHe3n MYNTHIUIE ckiepo3e je cnopaH. KoHdnukTHe cryauwje BapujaOHIIHO TPHKA3Yjy
JOMUHALIM]y jeaHe hemujcke BpcTe HaJ APYroM KOJl HHUIIMjaTHE JUjarH03¢ U TOKOM HAaKHAJIHUX
penarica u nporpecuje 6onectu (160, 161). CD4+ T numdounTH MpUCYTHH Ha Nepudepuju,
cnenn(UYHA 3a MUjenuH ekcrnpuMupajy xemokuHckn perentop CCR6 wu mokasyjy Behy
ekcripecujy oba turokuHa Thl u Thl7 mumdonmra, IFN-y u IL-17A y mnopehewy ca
koHTpoiama (162). ITopen tora, Heku ox CD4+ T nmumdonura uMajy uHTepMearjapHH HEHOTHUIT
u excrpumupajy IFN-y u IL-17A ucrospemeno (163). Ocum Tora, usriena na ce (GyHkmmja
Th17 mumdonmra pasnukyje uzmel)y mumesa u Jpyau. Ilpoaykuuja Qakropa cTUMyIaimje
rpaHyJIOIUTHO—MaKpO(parHuX KOJOHHja TmocperoBaHa Thl7 numdouuTuMa IOMPHHOCH
xponnyHoj uHGuamanuju y EAE-y (164), nox Thl mumdouutn u apyre noarpymne henuja
NpUMapHO TPOIYKYjy OBaj HUTOKWH kon Jbyau (165). Bepyje ce na momarauku CD4+ T
mumoonutu (Th2) koju cexpetyjy unrepieykune 4, 5 u 10 umajy cynpoTHy, peryiaTopHy yjaory

Koja orpanunyaBa omreheme mocpenosano Thl mumdorutuma (160).

Nako cy CD4+ T numdponut kpyune henuje y narorenesu MC, 6poj CD8+ T numdonura je
Belin y akTMBHUM Je3HWjaMa Ha MecTuMa TkuBHe nectpykmuje (166). CD8+ T numdormru

BEPOBATHO AUPCKTHUM LHUTOTOKCHUYKUM ACIIOBAKHLEM y‘-ICCTByjy y onnehe&y oJIMroacHAponuTra nu
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meypona (167). Ilokazano je ma CD8+ T numdouutd m0poaAyKyjy 3Ha4YajHE KOJMUYUHE
npouHdnamanujckux nuroknHa, TNF-o u IFN-y, xoju gompuHoce pa3Bojy uHIamanuje, a
MoKa3yjy ¥ JUPEKTHH IUTOTOKCHYKU edekar Ha u3osoBaHe osnmrogacHaporure (168). CD8+ T
TUMQOIUTH ce Haiaze y 0enoj Mach M y KOPTUKAJIHHUM JEMHjeInHU3Upajyhum se3njama cuBe
Mace M BbHXO0B Opoj MpHOIMKHO Kopesupa ca omrehemeM akcona (169). Mujenun-creruduaHu

CD8+ T nmumdonutu ce yriiaBHOM aKTUBUPAjy mupemeM enutona (170).

Y nopehewy ca T numdonutuma, 6poj B mumdporura y [IHC-y Butie Bapupa y TOKy mporpecuje
MYJTHILIE CKJIEpO3e, a CKOpHja UCIIMTUBAmka Cy IMoKa3aia 1a u B nmuMdonutu urpajy yiory y
pa3Bojy MC (171), Ha mTa ykasyje U CMambCrmhe Opoja Jie3rja U pearnca Koja 000JeIuX KOju Cy
neyenn antu-CD20 anturenom (172). Kinoncka excrniansuja B mumdornmra Moxe ce neTekroBatu
y MEHUHTeaMa, IapeHXUMy | [epeOpOCIHHAIHOj TEYHOCTH, a aHTHTENa IPOIAYKOBaHA
MHTPATEKAITHO C€ JIETEKTY]y y LepeOpOCIHMHAIHOj TEYHOCTH U MMajy TUjarHOCTUYKY BPEIHOCT.
bpoj mnazmouuta y IIHC-y koju cekperyjy antutena ce nosehasa y Toky 00jecTd, a HApOUUTO
Koa oco0a Koje pa3BHjy MPUMApHO MM CEKYHAAPHO-TIPOTPECHBHU OOJMK MYJTHILIE CKIIEpO3e
(169). Menunree marujeHara ca CeKyHJapHO MPOTPECUBHOM (OPMOM OOJIECTH YECTO CaapiKe
TepuujepHe TMMQOIMTHE CTPYKTYpE KOje ce cacToje oJ] arperata miazmonura, B mumdonura, T
muMponuTa U GoaukymapHux aeHapurckux hemwja (173). CympoTHO ToMe, HpPUMapHO
MporpecuBHA OOJIECT ce KapakTepuine Tu(dy3HOM MEHUHTCATHOM HHQPWITpaujoM 0e3 TaKBHX

crpykrypa (174).

1.3.2. Yaora CMYV y narorene3u myJiTuiuie ckjiepose un EAE

ITocToju HEKONMKO PAa3NUUUTHX MeXaHu3ama mnmomohy Kojux BHpycH kao mTo je CMV Mory
M3a3MBaTH aKTHBALIM]y ayTOpeakTUBHUX T MuM@ounTa 1 HaCTaHAK ayTOUMYHCKUX OosiecTH. [Be
XHUIOTE3€ Ce Oclamajy Ha YMECHMILY Ja Cy MOTEHLMjadHO ayTopeakTuBHU T numdouutu Beh
NPUCYTHU y MaJIoM Opojy y cBakoM mnojeauHity (175, 176). Jenna xunotesa npeanaxe TUPEKTHY
aKTUBAlLlM]y ayTOpeakTUBHUX T nuM@onura MHKPOOpPraHM3MUMAa KOJU  EKCIPUMHUPA]Y
AQHTUTEHCKE EMUTONE KOJH CYy CTPYKTYPHO CIMYHHM ENUTONMMa CONCTBeHUX aHTureHa (177).
[Ipumep oBakBe MOJIEKYJICKE MHUMHKpHje j€ YyHakpcHa peakuuja T numbouurta usmehy
MujerauHckor 6a3Hor nporenHa (MBP), ayroanturena xoju ce xopuctu 3a uHaykuujy EAE-a u
Epstein—Barr supyca (EBV) (178). JIpyra xumnore3sa, Kojy ¢y npemiaoxuid Hart u capagauim je
BapHjalrja MOJIEKYJICKe MUMHUKpPH]je, O3HauUeHa Kao ,,0/1JI0’KEHa MOJIEKYJICKa MUMHKpHja', MOJeI

y KOjeM JIaTeHTHE XpOHMYHE HH(peKuuje crBapajy pemneproap ayroxusehux memopujckux T
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nuMdonuTa cnenu@UIHIX 3a BUPYC KOJU MOTY Jla C€ PEaKTUBHUPA]y y OMIJIO KOM TPEHYTKY Kaja
Haul)y Ha COIICTBEHE aHTHICHE KOjU Cy ociobohenu u3 omrehennx tkmBa (179). Cnencha
XHuroTe3a oOyxBara akTuBauujy hemuja mocmarpada. Hamme, IHMTOKMHM TPOAYKOBAaHU U3
UMYHCKUX henMja akTHBHpAaHHUX BUPYCOM, MOTY H3a3MBATH aKTHUBAIMjy ayTOpeakTUBHUX T
aumdorura (180). IMporec OnMCKO MOBE3aH ca MOJEKYJICKOM MHMHKPHjOM W aKTHBAIIAjOM
mocMaTpava je IHupeme enurona. l[locie WHHIMjaTHE peakiyje Ha IaTOreH, aHTHICHH
ocioboheHn M3 TpUMapHE Jie3Wjeé y LWJbHOM TKHBY MOTY AaKTHBHPATH IOTECHIM)AIHO
ayropeaktuBae T mumdonure (181). ¥ TMEV (enrn. Theiler's murine encephalitis virus)
MHUIIjeM MOy MYJITHIUIE CKJIepo3e je mokazaHo ociobahame anturena [IHC-a koju gocneBajy
1o niepudepHux mumbHUX oprana (182). 3aTuM, MUTOTCHH WU CYNIEPAHTUTCHH, 0CII000heHH 13
MHUKPOOpraHn3aMa, MOTY H3a3BaTH IOJHKIOHCKY akTtuBanujy sumdonura (175). axie,
nH(IaMaIyjcKka CperHa y BUPYCHMM HH(EKIHjamMa MOXE W3a3BaTH aKTUBAIM]y U KIIOHCKY
€KCIaH3M]y ayTopeakTHBHHX T Jumdouura, pe3yiaTyjyhu pa3BojeM ayTOMMYHCKHX Oo0jecTd
(183). Jeman on HajymedaTJbUBHjUX MexaHH3ama mnpeko kojer CMV Moxe uUMaTH yjory y
MYJITUIUIOj CKJIEPO3H je MOJIeKyJicka MuMuKpuja. [IpoHaleHa je yHakpcHa peakTUBHOCT m3Mmehy
nentuga xymaHor CMV (hCMVggy 1003) ¥ MHJEITMHCKOT OJUTOACHAPOIUTHOT TIMKOMPOTEHHA
pesunye 35-55 (MOGss 55) y EAE-y kox Lewis marosa (184). ¥ apyrom aHUMaaHOM MOJIEIY,
SJL/J mumeBn uHOUIMPAHH BUPYCOM BaKIUHHjE KOjU KOAHMpa MPOTCOIMIUIHH MPOTCHH, a
kacHHuje usnoxxkenu muigem CMV, pa3suiu cy ne3uje y 6emnoj Mmacu. Y 0BOM Mojieny O0JecTH,
nH(peknrja BUpycoM BakuMHUje noBehaBa Opoj ayropeakTuBHUX T numdonuTa, a HaKHaJAHA
uHOpEKIMja LUTOMErajJoBUPYCOM M3a3uBa OojiecT akTUBalMjoM henuja mocmarpaya WIH
aKTUBAallMjOM W MHAYKIHJOM Hposudepanyje MpeTXOAHO HACTaluX ayTOpeakTUBHUX T

mumMponuTa (185).

ITocToje cympoTHM mMojanmy O YAPYKEHOCTH HH(EKLHje LIUTOMEraJOBUPYCOM MU MYITHUILIE
ckiepose. Pe3ynaTatu HEKONMKO eNUAEMHUOJNIOIIKUX CTyAMja ykasyjy na CMV wurpa ymnory y
eTHoIaToreHe3n Mynrtuie ckiepose. [lokazano je na cy tutpu IgG antuTena cneunduyuHux 3a
CMV u 3a DNK Bupyca moBehanu xoj namnujeHara ca MYJTHILUIOM CKJIEPO30M, IITO yKa3yje Ha
moryhy yrmory CMV y pa3Bojy mynrurute ckiepose (186). Pesynratu npyre cryamje moka3syjy na
o0oJenu oJ MyJITHUIUIE CKJepo3e Koju uMmajy antutena Ha CMV umajy u Behu Opoj penarica u
Opxy mporpecujy Oonectu (187). IlpucycrtBo antutena mHa CMV je Ttakohe moBe3aHo ca

U3PAXKECHUJOM aTpopHjoM CHBE Mace H LEJIOT MO3ra 000JIeIuX 01 MyJITHILIE cKiepose (188).
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Hpyre cryawje yka3yjy Ha 3amTuTHy ynory CMV y ayroumyHCKkuM OosiectTuma. Y OKBHUPY
orpomHor renoma CMV mnoctoje OpojHU TeHH KOjU KOJIWpajy OpojHE MoJIeKyJe Koju Mmokpehy
MMYHOMOJIYJIATOPHE MEXaHW3ME U MEXaHU3Me H30eraBamba MMYHCKOT CHUCTEMa, IITO MOXE Ja
ociabu MMyHCKE MexXaHH3Me Koj oOojenux on MynTuiuie ckiaepose (186, 189). Besa uzmely
TUTapa anTuTena cnenupuuHux 3a CMV u Gosber KIMHHYKOT Hcxozaa je mpumehena y rpymnu
0001eNIMX 0J1 MYJITHIUIE CKJIEpO3€ KOJI KOJUX j€ TT0Ka3aHa Mama aTpoduja Mo3ra u kpahe Tpajame
penarnca (190). IToctoje u cTyauje Koje yka3yjy na je nmpucyctBo antutena Ha CMV yapyxeHo

ca MambUM PU3UKOM OJ1 pa3Boja MyJstuiuie ckiepose (191).

[TporexTuBHM edekxaT HHPEKIH]e TUTOMETAIOBUPYCOM NOKa3aH je u 'y moneny EAE u3a3sBanum
uapexmjom TMEV-om. Undexnuja mumesa MCMV-om nBe Henesbe npe uHdeknuje TMEV-
OM yJIpyXeHa je ca cimabuje paspujeHoM Oosienihy. OBH MUIIEBH Cy UMald 0OJbE MOTOPHUYKE
neppopmance u Mamwy uHOmITpanujy ™osra T numdouuTtHMa, MTO yKa3yje Ha

umyHocynpecuBau epekat MCMV undeknuje y oBom mozeny 6osectu (189).
1.4. UmyHnckn oarosop Ha CMV y jerpu

WNudeknuja XyMaHUM HUTOMETAIOBUPYCOM KOJ HMYHOJCPHUIM]EHTHHUX 0c00a, HApOYHUTO Y
CTalbUMa HMYHOCYIIpECHje TIOCiieé TpaHCIUIAHTalMje, HW3a3uBa IHEYMOHHjy, OoyecTH
racTPOMHTECTUHAIHOTI CHCTEMa, PeTMHUTUC W TEIIKM XEMaTUTUC KOju nmoBehaBa MopramuteT
(192). Uudekuuja nmyHokoMeTeHTHHX 0co0a CMV-oM nako cyOknnHHYKa, YecTo je mpahena
noBehambeM KOHIICHTpandje TpaHcamuHaza y cepymy (193). Ca apyre crpane uHbekimja
UMYHOACPUIMJEHTHUX oJipaciux ocoba u HoBopoheHuanu CMV-om Moxe 1a u3a30Be
GyIMHHAHTHH WJIM XPOHMYHM XEHNATUTUC KOjU mporpemupa po nupose jerpe (194-196).
XenarocmjieHOMeTranrja 1 XyTHUlla Cy J1Ba 3HaKa CUCTeMCKe KoHreHuTainHe nadexnuje CMV-om
(197). Kacue mocrneuiie KOHTEHUTATHE WK TIepUHATATHE WHOEKIH]jE [TUTOMETAIOBHPYCOM CY

ounujapua 6osect, pudpo3a u nuposa jerpe (198).

Kox undunupanux mumesa, MCMV ce HHUILIMjAIHO MHTEH3UBHO PEIUIUKYj€ Y JETPU U CIE3UHU
IITO pe3yaTyje cMamemeM Gyukuuje jerpe (199). Xemaruruc koju ko muiiea nzazusa MCMV
je MO CBOJUM KapaKTepUCTHMKaMa CIMYaH OHOM KOje€ ce pa3BHja KOJA JbyIW HHQHUIHPAHUX
XyMaHuM nurtoMeragoBupycoM. MCMV wu3a3uBa XpOHHYHY HENPOAYKTUBHY HH(DEKIH]jy
MHUIIIEBA Ca WHUIMjaTHUM XHCTOJIOIIKAM M CEPOJIOIIKUM JOKa3uMa XenaTuyHe MHpIamanuje u

omrehema jerpe (193, 200).

29



Hudexiuja nuroMeraaoBupycoM mpBo aktuBupa henuje ypohene umynoctu (201). NK henuje
Urpajy KJbydHy yiory y uauijanaoj kourpoaun CMV undeknuje (202). Shellam u capaguuim
Cy MOKa3aJli Ja pa3jiMyuTa OCETJbUBOCT PAa3IMYUTUX cojeBa mumeBa Ha MCMV undekuunjy
3aBucu ox aktuBHOcTH NK hennja (203). Kox C57BL/6 mumeBa konTpona unpeximje MCMV-
OM TIPpBEHCTBEHO ce mocTiwke akTtuBHomhy NK henwja koje ce akTHBUPA]y CTHMYJIAIdjoM
aktuBanroHor Ly49H penenropa Bupycaum mnporerrom m157 (33, 204). deneumja m157 rena
(Am157 MCMV) y Bupycy pemetru KoHTpoiy BupycHe umHpeknuje NK henujama u mosehasa
peruukanyjy Bupyca in vivo (205). NK henuje KOHTposHIy HUTOMETaTOBUPYCHY MH(EKIHU)Y
CEKpEIMjOM MHUTOJUTHYKUX TpaHyia, HHAYKIIMjOM aloNnTo3€ y IUJbHO] NENHUju U MPOAYKIIH]OM
npourduamanujckux nutokuHa (204, 206). NK hemuje mpoaykyjy IFN-y koju wurpa BaxkHy
yIOTY y KOHTPOJM peIuidKanuje nuromeranosupyca y jerpu (207). Kon mwumeBa kojuma cy
nertetupane NK  hemmje ce pasBuja nucemunoBana MCMV  unbpeknmja ca TexuMm u
ayrorpajuujum omrrehemem TkuBa (29). C57BL/6 Muiesu kojuMa cy aeruietupane NK henuje
npe MCMV undexiuje umajy Behe TuTpe BUpyca y jeTpH, CIE€3MHH, TuyhuMa U MJbyBauHUM
KIle3ama, pasBHjajy Temky ¢gopmy xemarutuca u 'y Behem mpouenty ce MCMV unbeknuja

3aBpiiaBa JietaiaHo (208).

WNudnamanujcku MOHOIIMTH, KOje Ha MecTo MH(eKIuje npuBiadye xeMokunu nomahuna (CCL2)
u npoaykTu BupycHux reia (MCK2), ykibyuenu cy kako y koutpory MCMV undekuuje tTako u
y TaroreHesy xemarutuca wusasBaHor Bupycom (209, 210). Hudnamanujcku MOHOUUTH
perpytyjy NK henuje koje koutponumry MCMV undekimjy (211). Kox BALB/c mumesa CD8+
T numdounTtu urpajy KibydHy yjaory y KOHTPOJH peIlUIMKallyje HUTOMErajloBupyca y jeTpH, Kao
u y Behunun nepudepuux oprana (212). Mudnamarnujcku monoumutu kon BALB/c mureBa
orpaHuyaBajy aHTuBUpycHU oaroop CD8+ T numdouwura, mrTo ycnopaBa eIUMUHAIM]Y
UTOMETAOBUpYca U3 nepudepHux oprana u gonpuHocd Behem omrehermy TkuBa (213). CD4+
T numdonuT He ocTBapyjy AMPEKTaH LUTOLMHU edekar Ha BUpyce, IpoayKyjy uutokune, IFN-
Y KOju mojayaBa aHTUBHUPYCHY akTuBHOCT CD8+ T mumdornura u IL-17 koju perpyroBamem

HeyTpoduIIa TONpHHOCH aKyTHOM omTehemwy jerpe (214).
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2. IIAJb PAJIA

['maBHM 1M UCTpaKUBAA j€ TIPOYyYaBakE YTUIAja TAJICKTHHA-3 Ha pa3BOj HMYHCKOT OJTOBOpPA
Ha  Cytomegalovirus w  mocieauyHH — pa3Boj  CKCIEPUMEHTAIHOT  ayTOUMYHCKOT
eHIeaoMujeuTiCca HHAYKOBaHOT uMyHH3amujoM nentuaoM MOGssss kao U Ha omteheme

jerpe u3a3BaHo BUpycHoM uHpekmujoM koa Gal-3 nepunujentanx u WT muiesa.
VY ckiiaay ca riiaBHUM [UJBEM ITOCTaBJbEHU CY EKCIICPUMEHTAITHU 3a/1a11H:

e [IpolieHOM KIMHHUYKE CIMKE M XUCTOJOIIKOM aHAJIW30M TKHBA MO3Ta YTBPIUTH edekar
rajektuHa-3 u undekuuje Cytomegalovirus-om Ha pa3soj EAE kopumhewem WT u Gal-
3 KO mumesa.

e lcnuratn edekar raisektuHa-3 u uHbekuuje Cytomegalovirus-om Ha METYITapHOCT
uH(pUATpaTa y LEHTPAIHOM HEpBHOM cucteMy U (enotun uHuiTpuimryhux hemuja
MHUIIEBA UMYHU30BaHUX nentuaoM MOGss.ss.

e lcnuratu edekar ramektuHa-3 u uHbpeknuje Cytomegalovirus-om Ha 3acTy/bEHOCT
edeKTopcKo-MeMOpHjcKUX JuMporuTa y nepudepHoj KpBH MHILIEBA UMYHU30BAHUX
nentugoM MOGass.ss.

e Anammsupatu Qenoruncke kapakrepuctuke NK u NKT henuja, koje urpajy KbydHy
yimory y koutponu wuHpekmuje Cytomegalovirus-om C57BL/6 wmuieBa, y cie3uHd
uHpummpanux WT u Gal-3 KO mumesa.

e [IpolleHOM XHCTOJIONIKOT CKOpa W OHOXEMHJCKMX IapaMerapa YTBPAUTH VTHIA]
rajieKTHHa-3 Ha crerneH omTehema jerpe koje nzazusa uadexiuja Cytomegalovirus-om.

e Vrepmutu yrunaj undeximje Cytomegalovirus-om Ha ekcripecujy rajiekTuHa-3 y jeTpH.

e Vrepautu yrunaj NK henuja Ha crenen omrehema jetpe WT u Gal-3 KO mumesa,
aHamu3oM ¢enotuna NK henmja y uHduarpatuma jeTpe, XHCTOJOUIKOM aHAIM30M,
IPOLIEHOM TpHUCyCTBa henuja MHOHUIMPAHUX BHUPYCOM Y jeTpU U THUTpa BHpyca Y
opranuma muiiesa nHpuuupanux MCMVAmI157 Bupycom.

e AHamM30M XMCTOJIOUIKOT CKOpa M OMOXEMHjCKUX Mapamerapa M IpPOIEHOM amoITo3e
xenarouuTta yrBpauTu ytuna) TNF-o Ha crenmen omrtehewa jerpe WT u Gal-3 KO
MUIIIEBA.

e lcnuratn edexar mpumene pexombOuuatHor Gal-3 m muxumburopa Gal-3 Ha Texuny

omrehema jeTpe u3a3Banor uapeknujom Cytomegalovirus-om.
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3. MATEPUJAJI U METOJE

3.1. ExciepuMeHTAaJ/IHE JKUBOTHHHE

VY oBoj cryauju kopuinhenu ¢y C57BL/6 mutuesu (enria. Wild Type, WT) u MuiieBu ucror coja
ca nenerjoM reHa 3a ranektu-3 monekyn (Gal-3 knock-out [KO]) senckor u Mymikor moJa,
crapoctu o 6 1o 8 Henespa. Gal-3 KO mwumieBu cy noOujeHHM W3 OATajalIdINTa 32 MHIIEBE
yauBep3utera Kanudopruje. CBe eKCIEpUMEHTANIHE XHBOTHEC Cy OJrajaHe Y BUBApUjyMy
IleHnTpa 3a MOJIEKYJICKY MEAMIIMHY M HCTpaXKuMBambe MaTHmyHuX henuja. EThuka komucHja 3a
3alITUTY JOOPOOUTH OIJICAHUX JKUBOTHIba DakynTera MEJIUIIMHCKUX HayKa je omo0puiia CBe

IJIaHUpaHe TPoLEaype.
3.1.1. Hauun nodujama CS57BL/6 MuieBa ca HH/baHOM J/ieJ1eLHjOM I'eHa 3a raJIeKTHH-3

Merona xoMoiiore peKOMOMHAIIMje ce KOPUCTH 3a foOujame Knock-out mumesa (215). Tokom
XOMOJIOT€ peKOMOUWHAIMje TeH KOju je (YHKIMOHAJIaH Ce MEHha HEaKTUBHUM I'€HOM, U Ha Taj

HAYWH Ce eMMUHHMIIE QYHKIMja TeHa KOju moctoju (216).

Cenexuuja henuja rae ce Jecuiia XOMOJIOTa pEeKOMOMHAIIMja jeé OCHOBA y Mpolecy nolujama
“knock-out” mumesa. Jeo JIHK ca uck/pydeHHM MM MyTHPaHUM I'€HOM je yrpaljeH y UJbHU
BEKTOp KOjU MMa TeH 3a BUpycHYy TumuauH kuHa3y (TK reH) um reH 3a pesucreHuujy Ha
neomuiue (Neo ren) (217, 218). TK ren ce rybu y XoMo10r0j peKoMOMHaIHUj1, 10K ce Neo rex

yrpalyje y renom hemuje (217, 218).

Muniju reH 3a TaJIeKTHH-3 MMa MEeCT er30oHa. AMHUHO-TEPMHUHATHH Kpaj TaIeKTHHA-3 KOAUPajy
er3oHu 2 U 3, JOK KapOOKCH-TEpMUHAIHU Kpaj Koaupajy er3onu 4, 5 u 6 (219). Kako 6u ce
noowunu Gal-3-/- mumesn, y nabopatopuju mpod. ap Hsu-a (University of California) je yuumen
OpPEeKH]] TeHa 3a TAIeKTHH-3 MOJeKyl Ha eMOpuoHamHuM matudHuM henmjama (91). Bektop je
caurmbeH Tako ja uma neo kionupane JJHK 3a monekyn ramextrnHa-3, a HAUMH 32 HACTajame
Gal-3-/- muineBa ce OIHOCHO Ha MpPEKWAYy pPErHOHAa TIeHa KOjU KOIUpa JOMEH KOjUM
Ipero3HaBajy yribeHe xujapate. ['eH 3a pe3ucTeHINjy Ha HEOMMIIMH j€ 3aMEHHO KPaTaK CerMeHT
(om 0,5 kummo 6a3a) kora caunmbaBajy HHTPOH-4 U er3oH-5. CerMeHT oJ] er3ona 4 -5 Mulijer reHa

3a raniekTuH-3 MoJeky je yrpahen y pMCI1Neo Poly (A) Bekrop. Crienelin cerMeHT o1 er3ona 5-
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6 je mHCepTOBaH HHUCXOAHO oA Neo kacere, M0K je y Neo T€HOM MPEKUHYO CEerMeHT u3Melhy

uaTpoHa 4-5 (91).

VY mumje maruude henuje je yrpahen musbHu Bektop (D3), a Hakon Tora cy y3 momoh G418
cenekroBane TpaHchekroBane hemuje, ok je ymorpebom PCR (enrn. Polimerase Chain
Reaction) u Southern- 60T XuOpHUIU3aIKMjOM, ICTEKTOBaHa XOMoJjora pekomouHaimja y G418-
51 pesucrentHuM hemujama (91). Knon emOpuoHamHux MaTH4YHHMX henMja Tae ce aecuiia
XOMoJiora peKoMOMHanWja je TPBOOMTHO NpOMarupaH M IMOTOM cy henuje arimkoBaHe Yy
osacrorucre C57BL/6 mumesa crape 3.5 maHa, Koje Cy OHJIa UMIUIAHTUPAHE y CyporaT Majke.
OBako cy MpBOOMTHO HACTAJIM XMMEPUYHU MUILIEBH, a YKPLITAlbEM OBHX MYXjaka ca KCHKaMa
C57BL/6 wmwumeBa cy Hacramu xerepo3urotHu knock-out wmwumesu (Gal-3-/+ wMmuineswn).
WNubpennum ykpmramem Gal-3-/+ mumesa mocine 9 reHepanmja cy HacTadd XOMO3HTOTHH
knock-out muiieBH, KOju UMajy TeHCKU NeUIMT y eKCIpecHju raiekTuH-3 monekyna (Gal-3-/-

muiesn) (91).

XMCTOJIOMIKOM aHAIM30M Pa3IMuuTHX oprana (Mo3ak, miyha, jerpa, ciie3uHa, TuMGHH YBOPOBH,
uta.) usonoBanux u3 Gal-3 -/- mumeBa kKoju cy H0OMjeHH Ha OBaKaB HAYWH, HUCY 3alla)KCHE

npomene. Huje Ounu pasiuka y 6pojy kpBaux henuja usmehy Gal-3+/+ u Gal-3-/- mumesa (91).
3.2. Munyknmja xenaturuca uzazsanor WT MCMYV-om

WT wmumeBn u Gal-3 KO mumeBn cy nHOUIMpPAHN HHTPANEPUTOHEATHOM AIUTMKAIIN]jOM 10°
PFU wmumjer coja CMV (MW97. 01). MumieBu cy xprtBoBaHu 36 catu W 72 caTa HaKoH

UHTpanepuToHeanHe amukanuje MCMV-a.
3.3. Undexuuja Bupycom u unaykuuja EAE

Mumess cy HHQUIMPAHW MHTparepuToHeamHoM ammnkamujom 10° PFU mumjer coja CMV.
Jlecer naHa HakoH MH(eKIyje, MuleBuMa je naaykosan EAE kopumhemem XxymMaHor mentuaa
MOGg3s.55 kao anturena. [lentux MOGss.s5 je pactBopen y PBS-y y konnearpanuju 5 mg/ml. 3a
MMYHH3AIHM]y je YImoTpeOsbeHa cycrneH3uja koja caapku MemaBuHy nentuaa MOGssss u
komruieTHor dpojuaoBor agjyBanca, CFA y oxgnocy 1:1. MumeBuma je cyOKyTaHo y mpenerny
6okoBa ammukoBaHo 200pul cycnensuje, koja caapxu 300pg nentuna MOGss.s5 pacTBOpeHOT y
100ul PBS-a u 100ul CFA ca momarkom 700ug Mycobacterium tuberculosis (coj H37 RA).

Hcror nana mumeBuma je arummkoBaHo 300ng TOKCHHA MepTycuca MHTPAIEPUTOHEATHO KOJH je
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pactBopeH y 100ul nectunoBane Boae. TokcuH je uyBaH Ha Temrepatypu ox +4 ‘C y pactBopy 50
ug/ml y mecrumoBanoj Boau. [locne 48 catu on ammkanuje jeHE 03¢ TOKCHHA MEPTYyCHca,

MUIICBUMA j€ alUTMKOBAaHA JOII je/THA 1032 MEPTYCUC TOKCHHA.
3.4. [Ipaheme kannuukor Toka EAE

HcnospaBame 0osecty je ouemuBaHo U mpaheHo cBaku AaH. KIMHUYKUM MOYeTKOM OoJiecTu je
O3HAUeH JaH KaJa Cce YyouWia [apluujasHa mapanu3a pena. lcmospaBame Oonectu je

MIpoUCHUBAHO HA OCHOBY cnenehnx BPCAHOCTH KIIMHUYKOT CKOpa:

0 o3HauaBa J1a HEMa UCIOJbaBamba O0IECTH

0.5 o3HauaBa JeMMUYHY TTApAIU3Y perna

1 o3HauaBa napanusy perna

2 03HauaBa napesy 3aImbHX HOTY

2,5 o3HauaBa nmapanu3y jeHe 3a0mbe HOTe

3 03HauaBa Mapaiu3y 3aibUX HOTY

3,5 03HauaBa mapanu3y 3aJibUX HOTY U Mape3y NpembhX HOTY, WK Mapaiu3y 3 eKCTpEeMHUTETa
4 o3HauaBa napanusy 4 eKcTpeMuTeTa

5 03HayaBa CMpT

[Mpouena knmmanukux 3HakoBa EAE je npukazaHa y o0IuKy cpeamer KIMHUYKOT CKOpa.
3.5. Amnmmkanuja maxuouropa Gal-3 (Gal-3 INH)

Kopumhemem WT muiesa je MCOIUTHBAHO Ja JIM MHTpalepUTOHEalHa ynoTpeda MHXuOUTOpa
rajekTiHa-3 Moxe jaa yruae Ha MCMV xenarurtuc. Gal-3INH je pactBopen y 40% au-meTiin
cyndokcuay (DMSO) u nampasiben je 4mM mrok. DMSO je mpBo pactBopen y NaCl-y, a
3atuM je mrok aunyrtupad 4 myra NaCl-om uyume je nobujen 1mM mrok. Jloza koja je
kopuuthena y ekcriepuMenTuma je 6mia 300pg Gal-3INH. IIpBa rpyna WT Muriesa je npumana
300pg Gal-3INH unTpanepuronenHo asa cara npe MCMV uHpekuuje, 10K je Ipyra rpyma

MunieBa camo uHpumpana MCMV-om.
3.6. Aluimkanuja pekomounatuor Gal-3

Kako 6m ce ucrtpaxuwio na i ynorpeba peKOMOMHATHOI TaJleKTHHA-3 MOXe Ja Jelyje Ha

MCMV  xemarutuc, xopumhenn cy WT wu Gal-3 KO wMumeu. Mumesuma je
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WHTpANEpPUTOHEATHO aruiMkoBaH pekomOuHanTHH Gal-3 y mo3m ox 50ug/ml, nBa cara mpe

MCMYV wundexmuyje.
3.7. Tperman uHQpIMKCUMAO0M

C o63upom na TNF-o uma 3HauajaH yTHIA] y MaToreHe3w xemarutuca uzazBaHor MCMV-owm,
WT u Gal-3 KO mumeBuma je WHTpanepuUTOHEATHO AalUIMKOBAaH HHQIUKCUMA® y 103M Of
Smg/kg y 200uL pusuonomkor pactBopa, jenan cat npe MCMV undekmnuje. Madaukcumad je
XMUMEPHUYHO MOHOKJIOHCKO aHTHTENO Koje naenyje mpotuB TNF-o M KOpuCTH ce 3a Jeucwme

ayTOMMYHCKHX OOJIECTH.
3.8. [IaToxuCTOJIOMIKA aHAJIN3A TKMBA MO3ra, KHYMEHe MOK/IUHE U jeTpe

VY Toky makcuManHe kinHW4ke Manupecranmje EAE MumieBn cy XpTBOBaHM IIEPBUKATHOM
auciIokanrjoM. TKHBO MO3ra M KWIMEHE MOXKJIUHE je€ KOpUITheHO 3a MaTOXUCTOJIONIKY aHAITU3y

on KOjI/IX CYy HallpaBJb€HU Hapa(bI/IHCKI/I ncculu.

VY mozpeny xernatutuca koju je uaaykoan MCMV undexunjom, MumieBu cy xpToBanu 36 u 72
caTa HAaKOH WHTpamepuToHeanHe arumkandje MCMYV, HakoH dera je y3era jerpa 3a

MATOXHUCTOJIONIKY aHATU3Y.
3.8.1. bojeme xemaTokcuauHOM 1 eo3uHoM (H&E)

[TapadviHCKH MCedlu Cy MpBO 3arpejanu Ha +56°C 45 MuHYTa, M TOCIE TOTa Cy y KCHIOIY
nenapagunrucanu. HakoH Tora je mpumemeHa HpouLeAypa pexuaparanuje TKHUBa HCIUPAmbEM
uceyaka y omnanajyhum KOHIIGHTpanujama eTwil —ankoxona. [lpemapatu cy 0ojeHu
XeMaTOKCUJIMHOM 10 MMHYyTa, HakOH Tora Cy HCIpaHM JAECTHJIOBAHOM, a MOTOM M TeKyhom
BosioM 5 muHyTa. [loToM cy npenapaTtu 60jeHu eo3uHoM. [locie Tora, nexuapaTHcaHo je TKUBO
U MPOCBETJHEHO j€ Y KCHIIONy. Y Tpoliecy Aexuaparalnnje mpemnapaTi ¢y UCIUpaHu y pacTyhum
KOHIIEHTpaljamMa eTui ankoxona. Ilocne pexuaparamuje, mnpemnapatd Ccy MPOCBETJbEHU
MEIIAaBUHOM KCHJIOJIa M alCoJyTHOT alIKoXOJIa jeaH MHUHYT, a IOTOM 2 myTa mo 1 MHHYT y
kennony. Kanana 6an3aM 1 MOKpoBHa cTakja cy KopuirheHa 3a IpeKpuBambe TKUBHUX HUCEYaKa.

Hakon cymema nocie 24 carta, mpemnapartu Cy eBalyupaHd yIoTpeOOM CBETIOCHOT MUKPOCKOTIA.
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3.9. [IpoueHa XMCTOJIOLIKOT CKOPA

Juctpubynuja uH(IaManMje U HEKpPo3e y jeTpHu je onapehrBaHa MUKPOCKOIHMPABEM HCEdaKa
TKHMBa jeTpe Koja Cy o00O0jeHa XEMaTOKCHJIMHOM M €03MHOM, KOpPHIINEHEM CBETIOCHOT
MuKpockora. CteneH uHdIamaluje 1 HeKpo3e je MmojAesbeH y 4 CKOpoBa u TO:

ckop 0= 6e3 marosoruje

ckop 1= 1-3 abropmanHux obmactu

cKop 2= 3-5 abHOpMaATHUX 001acTH

CKOp 3= BHIIIE 071 5 aOHOPMAITHUX 00JIaCTH

Ananuza creneHa nHdaamanuje U HeKpo3e ypaheHa je mpeMa npeTxoqHO OMUCAHOM MPOTOKOIY

(193, 220).

BpenHocT XUCTOMOMIKOT CKOpa Y MO3TY U KHUMEHO] MOXKAMHU je aHaJU3UpaH npema cieaehum
KpUTEpHjyMHUMa:

ckop 0= Hema unpunrpuryhux hemuja

ckop 1= Hexomuko nHpunTpumyhux hemumja

ckop 2= undunrpuinyhe henuje cy nepuBackyaapHo TpynucaHe

ckop 3= mnepuBacKyjgapHa HHpuaTpanuja koja ce mupu y napenxum I[HC-a wmm y
cyOapaxHOHJIATHU TIPOCTOP

CKOp 4= WHTeH3WBHa HWHOWITpalHja MEePUBACKYJApHOI IPOCTOpa ca MapEeHXUMCKUM WIH
cyOapaxHOMJIAJIHUM UHOUITPATOM

AHanmu3a XHMCTOJIOIIKOT CKOpa y KMUMEHO] MOXAMHU W MO3ry ypaleHa je mpema HpeTXOJHO

OIUCAaHOM TpoToKoity (221, 222).

3.10. buoxemujcka anaau3a omrehema jerpe

36 m 72 cara mocne wuHTpanepuToHeanHe armmkanuje MCMV-a, y armocdepu 3acuhenoj
JMETUIIETPOM, MUILEBU Cy XpTBoBaHU. [IyHKIMjoM abpomuHaimHe aopTe je y3eTa KpB. Hakon
Koarynaiuje KpBH, CepyM je u3aBojeH IeHTpudyrupamem Ha 1200 rpm y Tpajamy ox 15
MHUHYTa, Kako Ou ce ofpenmnia KoHieHTpaija tpancamunasza (AST u ALT). Tpancamunase cy

aHaJIM3MPaHe Yy CKJIaay ca mpenopykoM mnpousBohaua (223, 224).
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3.11. OnpehuBame KOHIEHTPALKMja HMTOKHUHA y CEPYMY

Husou IL-10, IL-17, TNF-o u IFN-y cy mepenu y cepymy ELISA kutoBuma koju cy
cneunpuynn 3a mumje nutokuHe. Cranmapau cy pactBopeHu y PBS-y mpema ymyTtcTBY
npou3Bohaua, MpBOOUTHE KOHIIEHTpaIrje Tpeda aa 6yay 2000 pg/ml 3a IL-10, TNF-a u IFN-y u
1000 pg/ml 3a IL-17.

VY Oynapumhe mukporuTap 1miaoda crtaBibeHO je 100ul Besyjyher amturema (enrnm. Capture
Antibody). ITmoue cy 3anembene GoaUjoM U OCTaB/bCHE Cy mMpeko Hohu. 3aTum cy OyHapumhu
MHUKpPOTUTAp IUIOYA UCIpaHu mydepom 3a ucnupame (enrn. Wash Buffer). Onnma je craBbeH
onokupajyhu nydep (Block Buffer, 1% BSA y PBS-y) Boiaymena 300ul. Hakon jemHor carta,
ny(hepoM 3a UCIHpame Cy UCIPaHe MUKPOTHUTAP IUI0YE. Y30PIH Cy Mpe Tora pa30iiakeHH JeceT

MyTa y JIeJOHU30BaHO] BOAM.

V30pIiy ¥ CTaHIap/u Cy CTAaBJbEHH Y MHKPOTHTApP IUIOYE U MPEKPUBEHH Cy GOIHjoM 1 2 caTa Cy
OCTaBJbCHU Ha COOHO] TemmepaTypu. [locne 3aBpiueHe MHKyOaluje M UCIUparma MUKPOTUTAP
wioya, y Oynapuwuhe je cunano 100l anturena 3a aerekuujy (enrit. Detection Antibody). ITinoue
Cy mpekpuBeHe (OJIMjOM U ONET Cy y Tpajalky O] 2 caTa OCTaBJbeHE HAa COOHO] TEMIIEPATYPH.
[Tnoue cy 3atum ucnpane u y OyHapuuhe je nomaro 100ul pagne kourenrpamuje Streptavidin-
HRP (enrn. Streptavidin horseradish peroxidase). Muky6aiuja Ha coOHOj TeMmeparypu y
Tpajaky on 20 MuHyTa O3 AMPEKTHOT H3Jarama CBETJIIOCTH je NPEKUHYTa HCIHPambeM
MUKpOTHTap Iuioda. Y OyHapuuhe je 3atum noaaro 100ul pactBopa cymcrpara. Ilocie 20
MuHyTa, goaato je S0ul crom pactBopa (enri. Stop Solution: 2N H2SO4) u eamympana je

OITHUYKA I'YCTHHA Ha TaJlacHOj AykuHHU 450nm.

3.12. M301a1iuja MmoHOHYKIeapHuX hesnja u3 jerpe

Mononykneapae henuje cy u3oiioBaHe u3 jerpe 36 W 72 cara HAaKOH HMHTpalepUTOHEATHE
npumMeHe MCMV-a. Meroga MexaHWdke pasrpajime jerpe je KopuirheHa 3a H30Jalujy
MOHOHYKJIeapa u3 jerpe. HakoH ekcTpumanmje jeTpe, cpoBeneHa je nepdysuja jerpe. Jerpa je
YCHTH-E€HA M TOJIAKO 37po0JbeHa Kpo3 yenudny Mmpexy (200um). Hakon Tora ce cycreHsuja
nponymra kpo3 henujcko cuto. Caapxaj koju je nodujeH je pactBopeH y S0ml meaujyma RPMI-
1640 u nHa 60G je ueHtpudyrupan y Tpajamy of jenaH MUHYT. CymepHaTaHT KOjU CaapiKu
untpaxenatuune hemuje (45ml), je mpebauen y npyry enpysery u Ha 480G je neHTprdyrupan 8
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muHyTa. Tanor no0ujeH HakoH HeHTpudyrupama je pactsoper y 10ml 37.5% Percoll-a y HBSS
meanjymy. Hakon tora je nenrpudyrupan Ha 1907 r.p.m. (850G) y tpajamy oxa 30 munHyTa.
Tanor koju je nodOujeH je 3aTuM pecycrnenaoBan y Sml lysing nydepa u nakyoupas je 5 munyTta,
Ha Jieqy, Ha Temnepatypu o +4°C. ITocne nunkyodarje je mnogato Sml RPMI-1640 ca 10% FBS-
om. Onpa cy henuje nentpudyrupane Ha 480G 8 munyra Ha 8°C. Tayor je pecycneHmaoBaH y
Iml kommernor RPMI-1640 meanjyma.

3.13. M301anuja MoOHOHYKIeapHUX hesmja u3 cie3nHe

ExcTpunupana ciesvHa je KIUIIOM MHINPHIIA XOMOT€HHW30BaHAa M TMPOIYIITEHAa Kpo3 henujcko
CHUTO Y ernpyBery y3 noaarak Sml menujyma ca 10% FBS-a. Jlobujena cycnen3suja je nmpebadeHa
y enpyBety on 15ml u uentpudyrupana je na 1500 rpm y Tpajamy on 5 munyrta. Tanor henuja
je pecycnermoBan y Sml lysing pactBopa kako Ou ce JIM3UpaId SPUTPOILIMTH M UHKYOUpaH je 5
muHyTa Ha Temneparypu ox +4°C. Ilocie uHKyOaluje, 3ayCTaBJbEHO j€ Jajbe JM3HPabe
nonaBatbeM Sml RPMI-1640 wmemmjyma ca 10% FBS-a. 3arum je cycneH3uwja ormer
neHTpudyrupana, nenet pecycnenaopan y 8ml RPMI-1640 meaujyma ca 10% FBS-a. henuje cy
JjoIl jenaHmyT mpomymTeHe Kpo3 henmujcko cuto. OBako noOujeHa cyclieH3uja CIICHOLUTA je

KopuuiheHa y JajbUM UCTPaKUBabUMa.
3.14. U301anuja neykounra u3 HHC-a

NzomoBano tkuBo I[HC-a je wucenkaHo, JUTECTHjOM XOMOTEHHU30BAHO M WHKYOUpaHO j€ Yy
Tpajamy oxa 1 cat Ha 37°C y Sml menujyma ca nogatkom 10% FBS-a, 1mg/ml konarenaze tum I
u 1mg/ml DNA-3e. Kako 61 ce TKMBO MO3ra U KMUMEHE MOXAMHE XOMOTE€HU30BaJlo, Yy TOKY
MHKyOaluje ce mposiaud Kpo3 mmpui U uriy aeossuHe 18G. Ilocne unHkyOanuje TKHBO ce
nponymra kKpo3 hemujcko curo (40um), u curo ce ucnmpa ca Sml meaujyma. Jlobujena hemmjcka
cycniensuja ce neHtpudyrupa Ha 400G y tpajamy ox 10 MuHyTa M Tajor ce pecycrneHuayje y
10ml 30% nepkona, u mpebairyje ce Ha Sml 70% nepkona u neHTpudyrupa Ha 390G y Tpajamy
on 20 munyta. HakoH rcreka HHKyOalMju ca Bpxa ce yKIOHba CJI0j MUjeJIMHA KOJU C€ U3/IBOJUO U
[TactepoBoM muMETOM c€ CaKyIJba]y MOHOHYKJI€apU KOju ce Hanase y uHTepdasu. Ha kpajy ce

hemuje omepy 2 myra y PBS-y u pecycriennyjy y Meaujymy.
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3.15. Anaqu3a momyJianuja MOHOHYKJeapHuX hesuja jerpe, cie3uHe, MO3ra U KHUYMeHe

MOK/IMHE MEeTO/I0M MPOTOYHE HUTOMETpHje

N3onoBane cy MOHOHYKJIeapHe henuje U3 jeTpe, cle3nHe, Mo3ra U KuuMeHe MokauHe. Hakon
usonamyje, onpehena je BujadbuaHocT henmuja nmpunukom Opojama henuja momohy trypan-blue-a
ynoTpeOdoM CBETIOCHOT MUKPOCKOIIA. Nennjcke CycrnieH3nje Koje cy umMase BUjabuiiHocT Behy o
90% cy kopumheHe y ekcrnepuMeHTHMa. DYHKIMOHATHE M (PEHOTHIICKE KapaKTEPUCTHKE
pa3IMYUTUX TOMyJallja MOHOHYKJICApHUX helvja W MpOICHTyallHa 3acTyIUbeHOocT henmja je

aHAJIM3UPaHa METOJIOM IIPOTOYHE IUTOMETPH]E.
3.15.1. OGese:kaBame heaujcknx MeMOpaHCKUX MapKepa

AHTH-MHIIIja MOHOKJIOHCKA aHTUTeNa obenexeHa (iyopecieHTHUM Oojama u crienupuyHa 3a
MEMOpaHCKe W HMHTparelyJapHe MoJieKyie cy KopuinheHa 3a oapehuBame (yHKIIMOHATHUX H
(EHOTHUIICKNX KapaKTEepPUCTHKA CyOIoITylanija MOHOHYKJIeapa KOju Cy M30JI0BaHU M3 jeTpe H
ciesune. 5%x10° hennja je xopumheHo y aHammsu koje cy pecycrmenmoBane y 50ul mydepa 3a

6ojeme. Onpehena KonnyrmHa MOHOKJIIOHCKUX aHTUTENA je JojaTta henujama.

AHTHTENA 32 MOBPIIMHCKO 00jee Cy ynoTpeOJbeHa y T03U TaKo Jla KOHaYHa pa30iiaxema Oymay
1:100. henujcku Tajor je BopTekcoBaH U nHKyoupan 20 munyta Ha +4°C y mpaky. Hakon Tora,
henujcku Tanor je onpan ca 1,5ml xnagHor nmydepa 3a 60jeme u henuje cy nueHTpuyriupaHe Ha
400G 5 munyta. [locne tora Ttajnor je pactBopeH y 350ul mydepa 3a 6ojeme. I[locie 6ojema,

eKCIIpecHja MOBPIIMHCKUX MapKepa je eBajlylpaHa Ha IPOTOYHOM LTUTOMETPY.
3.15.2. UnTpaneryapHo 60jere HUTOKHHA

BD Cytofix/CytopermTM MeTom0M je u3BeAeHO MHTpAIeayIapHo 00jebe NuToKnHa. Remrje cy
CTUMYJIUCHE (HOpOOT MUPHUCTAT ALETATOM U JOHOMHIIMHOM, KOjU MHAYKY]Y aKTUBHOCT MPOTEHH
kuHa3e C W y3poKyjy ylasak Kajlujyma, IITO W3a3WBa eKCIpecHjy nuTokuHa y hemmju (225).
WNukybanuja y Tpajamby OJf 4ETHPH A0 LIECT CAaTHU j€ JI0BOJbHA 3a MHAYKIM]Y BEIUKOr Opoja
uuTokuHa. Jly)ka uHKyOamuja y3poKyje CHakaH LUTomaTtoreHu edexar ¢opdon mupucrar
arerara M joHoMHuIMHA. Y In Vitro henmjckoj ctuMynanuju ynorpeOjbeHe Cy CYICTaHIEe Koje
MHXUOUIITY HHTpanelyIapHu Tpancnopt nporenHa, BD GolgyStopTM (cagpxu monencuHn) u BD
GolgyPlugTM (canpsxu 6pedenaun A). biokana TpaHCIOPTa W3a3MBa aKyMYJIalHjy [IUTOKHHA Y

lNonyujeBoM KOMIUIEKCY WM €HJIOIIa3MaTCKOM peTuKyiaymy. Tpajame uHkyoOamnuje ayxe o 12
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caTH je TOKCHYHO 1o henuje, 3aTo m3narame henmja MOHeHCHHY M Opedennuny A Mopa Outu

OTPaHUYCHO.
3.15.3. Crumyaanuja heuja

Remjcke CycreHsmje MOHOHyKiIeapa H3omoBaHux u3 jerpe (1x10%/ml) pecycmenmoBannx y
KOMILUIETHOM MEIUjyMy, Cy HHKyOupane y tpajamy on 4 cara Ha 37°C y npucyctBy 5% CO2. Y
hemujcky cycniensujy je 3atum goxatr PMA (50ng/ml) u jonomunma (500ng/ml). ¥V henujcky
cycreH3ujy je takohe momat BD GolgyStopTM (0,7ul/ml) xako Om ce Oyokupana cekperrja
MTOKMHAa © ToBehama wuWHTpamenyigapHa akymyianyja [OUTOKMHA. HakoH uHKyOamwmje
MOHOHYKJIEApH Cy HCIpaHU W PECyCHEHJOBaHH Yy KOMIUIETHOM Meaujymy. Ilotom cy
MOHOHYKJIeapHe henuje mpebaueHe y ruiactuuHe enpysere. Ocrajne mpolenype ¢y CIpoBeAcHE

Ha +4°C.
3.15.4. Bojerwe NOBPIIMHCKUX AHTHI€HA

bojeme moBpmMHCKHX aHTUreHa Tpeba crnpoBect mpe ¢ukcanuje henmja, 3aTo MTO EMNUTONH
MOBPIIMHCKAX Mapkepa Mory OuTu omTeheHn TpUIMKOM TMOCTynka (Qukcanuje W
nepmeabmmmsanumje. 1x10° MonoHykIeapuux hemnmja je pecycrenmoao y 50ul mydepa 3a
0ojeme U Hoaara je oapeheHa KOJNMYMHA NMPUMAPHO KOHjYrOBaHWX MOHOKJIOHCKHX aHTHUTENA.
AHTHTENA 32 TOBPIIMHCKO 00jemke cy ynoTpeOsheHa TaKo J1a lbUXOBO KOHAYHO pa3z0nakeme Oye

1:100. henuje cy moToM HHKyOHpaHe y Mpaky y Tpajamy ox 30 munyTa Ha +4°C.
3.15.5. ®uxcanuja heauja u nepmeaduauzanmja heamjcke memopane

MononykieapHe henmuje cy ucnpane 2 myra y mydepy 3a Oojeme (Iml/enpyBern) mocie
3aBpIlIeTKa MHKyOanuje u 3atuM cy ueHtpudyrupane Ha 300G y tpajamy ox 5 MunyTta. Hakon
Tora je Tajior pecycnengoBan y 250ul Cytofix/CytoPermTM pactBopa. Hakon nnky6armje ox 20
muHyTa Ha +4°C Tanor je ompan aBa myrta y Perm/WashTM mydepy (1ml/empyBern) u
neatpudyrupan je vHa 300G 5 munyTa.

3.15.6. bojeme uHTpaNeTyJaPHUX HUTOKHHA

Hakon opnuBama cymepHaTaHTa HaHETa Cy aHTHUTENA 3a MHTPALEIYIapHO 0O0jeme LIUTOKUHA U

unKyoupana cy 30 munyra Ha +4°C. 3atum je henujcku tanor pactsopen y 50ul Perm/WashTM
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nydepa U MOTOM Cy JI0JaTa MPUMapHO KOKYTOBaHA MOHOKJIOHCKA aHTUTena. [locime nakybanmje
henuje cy ompane y Perm/WashTM nydepy u nentpudyrupane cy Ha 300G y tpajamy ox 5
MUHYyTa. 3aTHM je Tajor pecycrnennoBad y 350ul mydepa 3a 6ojeme U eBaTyupaH je METOJIOM

MIPOTOYHE TUTOMETPH]E.
3.16. M3os1anmja MUIIjuX XeNaTOUMTA

M3onoBana jerpa je npedauena y HBSS na Temneparypu ox 4°C. Jetpa je MEXaHMUKH YCUTHCHA
Ha komamuhe Benmunze lmm° u OTpaHa je y MeAujyMy. Y CUTHEHO TKHUBO j€ IEHTPU(YTrupaHo
Ha 800 rpm 4 munyta. Tasor je pecrnycrnenaoBan y meaujymy 3a aqurectujy (0.6% NaCl, 0.05%
KCI, 1.2% HEPES, 0.07% CaCl,, 3g/ml collagenase Type I, pH 7.4) u uakyoupan 20 MmuHyTa Ha
37°C. Hako unkybanuje henuje cy uentpudyrupane Ha 800 rpm 4 munyra. Tanor je aBa myra
ornpaH y komiuieTHoM DMEM-y, npomymren kpo3 ¢unarep mpomepa 100um u hemmje cy
nentpudyrupane Ha 600 rpm 4 munyra. Y xommuietHom DMEM-y je pecrycrieHI0BaH Taior

KOjH CaJp>KH XeTaTOIHNTE.

3.16.1. Annexin V 0ojeme W [IeTeKNHja eKCHpecHjeé KAJIPETHKYJIMHA HA MNOBPIIMHH

XxemarouurTa

HM300BaHy XenaTouuTH cy onpanu y xiaaaHoMm PBS-y u pecycniengoanu y 1X binding buffer-y
y konuenrpamuju ox 1x10° hemmja mo mL. Annexin FITC u propidium iodide (PI) cy nonaru y
100uL henmjcke cycrieH3uje W MHKYyOMpaHH cy |5 MuHyTa Ha COOHOj TeMIEpaTypH y MpaKy.
Haxon nnky6aruje qoaato je 400ul 1X binding buffer-a y ceaky enpysety, a o6ojene hemwuje cy
aHANM3UpaHe y poky ox jeaHor cara kopumthemem FACS Calibur u Flow Jo software. 3a
JETEKIHUjy eKCIpecHje KaIpeTHKYJIHMHA Ha MNOBPUIMHH hesuje, HM30JI0BAaHU XEMATOIMTH CY
000jeHH aHTU-KAJIPETHKYJIMHCKAM aHTHTesioM (Abcam) u ananusupanu cy kopuinhemem FACS

Calibur u Flow Jo software.
3.17. UImyHoXHcTOXEMHja MULIjUX y30pPaKa jeTpe

NmynoxuctoxeMujcko 00jeme ucedaka jeTpe CIPOBEACHO j€ YIMoTpeOoM crenu(uvHor 3euujer
KOHjyrata W  CHeHU(HUYHOr  MHUIIMjer KOHjyrata 3a Oojeme  rajekTtuHa-3. 3a
MMYHOXUCTOXEMHUJCKO Oojeme KopuiheHH cy ucedld jeTpe AeOJbMHE SUM Ha KojuMma je
crpoBe/ieHa jaemapaduHU3aNMja W pexuapaTandja TkuBa. Ilocie nemapaduHM3anyje WCEUH

TKHBa jerpe cy 21 munyT KyBanu y 10mM Na-tutpary. [locne xnahewa TKUBHM ucedlld Cy
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ucnpanu 3 nmyra y PBS-y. ITorom je Ha uceuke Hanero 2-3 xamu Hydrogen Peroxide Block-a
Kako OW JONUIO 0 MHAKTHUBAIMje eHIoTeHuX nepokcuaasa. [locne mukyoOamuje ox 10 MunyTa,
npenaparu cy ucnpanu 2 nmyra y PBS-y. Hakon tora je Ha npemnapare Hanero 2-3 kamnu Protein
Block-a u ocraBbeHu cy na ce 10 MuHyTa MHKYOUpPajy HAa COOHOj TeMIIEpaTypy HAKOH 4era Cy
jenannyTt ucnpann y PBS-y. 150ul mpumapHor anturena (3€4dju aHTHU-MHUIIHjU TaJeKTHH-3
(Abcam) u 3eunju antu-mumuju TNF-a (Abcam)) pacrBopenor y PBS-y ca 1% BSA je 3atum
no01aTto Ha TkuBHE uceuke. [Tocie unkyOaiuje o 1h, mpenmapartu cy ucnupaHu Tpu myTa 1o 5
MuHyTa y PBS-y, HakoH uera je Ha HMCEYKE AOAATO CEKYHAAPHO OMOTHMHHU3UPAHO AHTHTEIO.
ITocne uuky6Oanuje ox 30 MuHyTa mpemapard Cy MCIUpaHd 3 myTa mo 5 muHyTa. Streptavidin
Peroxidase-a je makoH Tora gojgaTa Ha TKHBHE uceuke. Hakon wmHKyOammje ox 10 MuHyTa
npernaparu Cy UCIHpaHu 3 mmyTa 1o 5 MUHyTa U 3aThM je noaaro 2-3 kanu DAB pearenca (20ul
DAB Chromogen-a y 1ml DAB Substrate-a). Ilpemapatu cy 3aTum wucrnpand 3 myTa y
JECTUIIOBAHO] BOAM HAKOH pa3BHjama 00je U 000jeHU Cy XEMATOKCUJIMHOM 2 MUHYTa, a HAKOH
tTora wucnpaHu Tekyhom BojgoM. HMceunu cy 3aTuM TIOKPUBEHH BOJCHUM MEIUjyMOM |

IIOKPOBHOM JbYCITUIIOM.

3.18. bojeme mumjux y3opaxka jerpe TUNEL metogom

3a 6ojeme TUNEL metogom (enrn. Terminal deoxynucleotidyl transferase dUTP nick end
labeling) xopumnihenu cy mapaduHcku ucednu TkuBa jeTpe aeOsbuHe Sum. HakoH 3aBpiieHor
MOCTYIIKA JlenapaduHU3alMje TKUBHU UCEUIU Cy NMOTOIUBEHU Y pacxjal)eHu aleToH 8 MUHYTa, a
HAaKOH Tora JIBOCTpyKo ucipanu y PBS-y. Ha cBaku TkuBHM uceuak je 3aTuM HaHeto mo S0puL
memaBuHe 3a TUNEL peakuujy (450ul Label solution, 50ul enzyme solution), u HakoH
nHkyoauuje ox 60 munyra Ha 37°C y BiaxkHoj] aTMochepH y Mpaky, MpenapaTu cy TPOCTPYKO
ucnupanu y PBS-y . Ha TkuBHe uceuke je 3atum Haneto no S0uL Conventer-a POD, u TKUBHU
uceuny cy Ha 37°C mHKYyOMpaHu y BiaxHo] atMocdepu y Mpaky 30 munyra. Hakon Tora
mperapaT ¢y TpocTpyko ucrnupanu y PBS-y, u Ha cBaku mpenapar je Hanero 50-100ul DAB
CyIicTpaTa U MHKyOupaHu cy Ha coOHOj TemrepaTypu 10 Munyra. HakoH TpocTpykor ucnupama
y PBS-y, Ha o0ojeHe TKMBHE HCEYKE je HaHETa MO jeJHa Kal TJIHMIEpoia U NMPEKPUBEHU CY

IIOKPOBHOM JbYCITUIIOM.
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3.19. CraTucrtuuka odpaaa nogaraka

Cratuctuuku nporpam SPSS Bepsmja 20 je xopumihen 3a aHanu3y moparaka. lIpaBuiHoCT
pacmojiesie BpeIHOCTH KOje Cy JMOOMjeHE je WCIUTaHa Npe CTAaTUCTUYKE 00paae mojaTaka.
Kolmogorov-Smirnov tecrt je kopuiiher 3a oapehuBame HOpMaTHOCTH pacnoaeie. Student’s t
TeCT je KopuiheH 3a BPeIHOCTH KOje MMajy MpaBHIHY pacmojeny, 1ok je Mann-Whitney tect
KopumheH 3a BpeIHOCTH KOje MMajy HENpaBWIIHY pacnojeny. Pesyiaratu cy mpukazaHu Kao
BpeIHOCT + cTaHaapiaHa rpemka (enrii. Standard error, SE). Cratuctuuka 3Ha4ajHOCT pa3iiuKe
n3Mely ucnutuBanux rpyma usHocu p<0,05, TOK cTaTHCTUYKHM BEOMa 3HAa4YajHa pas3iiuka nimehy

ucnuTuBaHuX rpymna n3Hocu p<0,001.
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4. PE3YJITATH

4.1. MCMYV undexunja npekuaa atrenyanujy EAE-a kox Gal-3 KO mumena

[Momanu o yrunajy vHQEKIMje MUTOMETAIOBUPYCOM Ha HACTAHAK MYJTHILIE CKIEPO3€ KOJI JbYIU
Cy pa3jM4YUTH, alli Pe3ylTaTH CKOPUjUX UCTpakuBama pa3Boja EAE kox muiieBa mpeTxoaHo
MHPUITMPAHUX ITUTOMETAJIOBUPYCOM YKa3yjy Ja oBa mH(pekmnuja omoryhaBa pa3Boj EAE kon
BABL/c mumeBa, uHaue pesucteHTHHX Ha MHAYKIH]y EAE mentumom MOGssss (222), u na
nojayaBa Manudecrauje EAE koq C57BL/6 mumesa (226). [To3uaro je ga C57BL/6 muriesu
umynuzoBanu nentuaoM MOGss s5 ca nenerujom rena 3a Gal-3 passujajy Omaxy dhopmy EAE
(101). 1a 6ucmo ucouranu kako uHdpekuja MCMV-om yruue Ha texuny EAE kox C57BL/6
MUllleBa U y oAcycTBy ranektuna-3, C57BL/6 WT u Gal-3 KO mumesu cy 10 nana HakoH
naopexje MCMV-om umynuzoanu nentuioM MOGss.ss. Hemaduuupann WT muimesu, Koju
cy ocersbuBu Ha pa3Boj EAE (227), u neundunupann Gal-3 KO mumesu cy kopumiheHu kao
KOHTPOJIHE XHBOTHIbE. Pa3Boj OosiecTH j€ ucrnuTuBaH npahemeM 3HaKoBa 00JIECTH CBAKOIHEBHO.
Gal-3 KO mumeBn nmynuzoanu nentugoM MOGss.ss pasBuin cy 3Hake EAE, anu crnabuje y
nopehemy ca umynnzoBanuM WT mumeBnMa. CTaTHCTHYKY 3HAYaJHO Mamba BPETHOCT CPEIhEr
KJIMHUYKOT CKopa je 3abenexxeHa y rpynu umyHusoBanux Gal-3 KO mumieBa y mopehemy ca
umynuzoBanuM WT mumiesuma (I'padukon 1A). Gal-3 KO mumesu nnpunupanun MCMV-om
1a HaKOH Tora uMyHHu3o0BaHu nenTuoM MOGss.s5 pa3Bujajy TunuuHe kiauHuuke 3Hake EAE, ca
CpeA’UM BPEIHOCTHMA CPEAEr KIMHHUYKOT CKOpa BEOMa CIMYHHUM Kao Koxa oceTsbuBux WT
mutresa (I'papukon 1A). MCMV undeknmja je omroxuia mouetak 6onectu kox WT mumesa
ca EAE-om, a cpenma BpeIHOCT KIIMHUYKOT CKOpa je 10 15. maHa of MMyHH3alMje HeIllIToO Mamba

Hero y rpynu WT muiesa koju ¢y camo umyHuzoBanu nentugioM MOGss s5 (I'paduxon 1A).

Xwucrosiomka anaiausa. Y uceunuma TkuBa mo3ra uHpuimpanux WT u Gal-3 KO mumiesa
MMYHU30BaHUX IENTHAOM, YOUEHU CY MOHOHYyKJIeapHM uHumitpatd. WHbekuuja BHpycoMm
noBehaBa BPeJHOCT CPeber XUCTOIOMKOT ckopa y Mo3ry u 'y rpynu WT u y rpynu Gal-3 KO
MUIIIEBa, AJIM TO TIOBehame Cpemhe BPETHOCTH XUCTOJIOMIKOT CKOpa KO/ MHIIIeBa HHPHUIIMPAHUX

BHPYCOM HE IOCTHXE CTaTHCTHUKY 3HauajHOCT (I'paduxon 1b).
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I'padukon 1. Gal-3 KO mumesn unpuuupann MCMV-om npe umynuzaumje nentuaoMm MOGssss pasBujajy
KJIMHUYKe U XucToJiomKe 3Hake EAE-a kao u ocersbuBn WT mumeBu. WT u Gal-3 KO mumeBn cy 10 mana
HaKOH WHTparnepuTOHealHe aIuIhKallyje 1x10° PFU MCMV umyHu30BaHd nentuaoM MOGssss (WT
MCMV+MOG3s 55, Gal-3 KO MCMV+MOGgs_s5). [pyra rpyna WT u Gal-3 KO muieBa je »MyHH30BaHa CaMo
nmentuaoM MOGgss 55 6e3 nperxoane undekimje BupycoM (WT MOGgzs 55 u Gal-3 KO MOG3s_s5). Tpeha rpyma WT
n Gal-3 KO mumesa je camo mapunupana MCMV-om (WT MCMV, Gal-3 KO MCMYV). Yerspty Tpymy cy
yuHur HenHpunupaan WT u Gal-3 KO mumesu (WT kontpoina, Gal-3 KO kontpona). (A) BpegHoct kinHUYIKOT
ckopa EAE-a je mpexacraBibeH kao cpeama BpegHoct + SE. (b) TkuBo Mo3ra MMyHH30BaHUX MHIIEBA je
EeKCTHPUITHPAHO 15 MaHa HAKOH UMYHHU3aIH]je MENTHIOM, UCEUIH Cy 00jeHU XeMaTOKCHINH-c03uHOM. [IpeacTaBibeH
je xucronomku ckop (cpeama Bpeanoct + SE), 2 onBojena excriepumenta, 10 mumesa no rpynu. (Student- t tect;
*p<0.05).
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MCMV undexnuja npe umynusanuje nentuaom MOGss.ss koqg WT u Gal-3 KO mumiesa je
MHIyKOBaJla Pa3Boj cyOapaXHOWIHMX M MEPUBACKYJIAPHUX MHOMITPATa Y MO3TY Ca IIUPEHEM Y
napeaxuM y rpynu WT wmumeBa. Y wuceunuma mosra y rpynu WT wmwumeBa koju cy
umyan3oBaau camo nentuaoM MOGss 55 3a0erexeH je camo MepuBacKyJIapHu HHPUITpAT, a y

rpynu Gal-3 KO mumeBa camo cydapaxHounanau nabumiarpar (Ciuka 1).

Cauka 1

WT M OG35_55
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Ciuka 1: Xucronoruja mosra WT u Gal-3-/- MumeBa nHGpUUUPAHUX BHPYCOM M HMYHH30BAHHX MENTHIAOM
(WT MCMV+MOG;3s5 55, Gal-3-/- MCMV+MOG35.55) 1 WT m Gal-3 KO MumeBa caMo MMyHH30BAHHX
ennedamurorenoM (WT MOGgss 55 Gal-3-/- MOGgs 55). TkuBo Mo3ra je y3eto 15 naHa HakoH MMyHH3aludje
mentugoM MOGssss, uceul cy OOjeHH XEMAaTOKCHIMH-CO3MHOM. [IpeicTaB/beHM Cy HCEUIM TKHBa MO3Ta,
yBenuuama 4X, 10X u 40X.

4.2. IIperxonna MCMYV undpexuuja cmamyje npoueHart u 0poj npoundaamanujckux CD4+

aum@onurta y mo3ry Gal-3 KO mumeBa umynunzoBanux nentuaoM MOGss s5

AHanmn30M Hcedaka mMosra je yrBpheHo na cy unduarpatu y mosry undumupanunx WT u Gal-3
KO wmumieBa npe uMyHu3anuje eHiepainToreHoM Behu Hero MHGHUATPATH MPUCYTHU Y MO3TY
camo umyHu3oBanux mumena (I'padukon 1b, Cnuka 1). JlaJboM aHaM30M je MCIUTaH cacTaB
unpuntpara. [IperxonHa wuHbekuuja mUTOMEraroBupycoMm mnoehaBa Opoj M CTATUCTUYKU
3nauajHo nosehaBa mpoueHar CD4+ T mumdonura y IHHC-y y rpynu Gal-3 KO wmwumesa
umyHH30BaHuX nenTuaoM MOGss.ss (Ipadukon 2A). ¥V rpynu WT muineBa uHekimja npe
MMYHHU3aIje He YTHYEe Ha IpOIeHTyalnHy 3acTymibeHocT CD4+ T numdorura y napuirparuma
y HHC-y, a cmamyje ancomytHu 6poj oBux henuja (I'padguxon 2A). Ilpouenar u ykynas 6poj
CD4+ T numdouuta xoju excnpumupajy |IFN-y y undunrparuma y IIHC-y je 3HauajHO MamH y
rpynama WT u Gal-3 KO mumesa napuuupanux BupycoM npe umynuzanuje nentugom MOGas.
55 y opehemy ca rpynama WT u Gal-3 KO wmuiieBa Koju ¢y UMyHH30BaHH CaMoO IEMTHIOM
MOGg3s.s5 (I'padukon 2b). MCMV undexunja npe umyHuszanuje nentuioM MOGss.s5 cMamyje u
nporneHar u ykynat 0poj IL-17+ CD4+ T mumdonura u TNF-o+ CD4+ T num¢ponura y HHC-y
u WT u Gal-3 KO mumesa (I'padguxon 2B u 2I).
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I'padpuxon 2. Uapuarpatu y HHC-y WT u Gal-3 KO mumeBa uHGpUUMPaHUX LMTOMErajoOBHPYCOM Ipe
umyHuszanuje nentuaoM MOGgsss caap:xke mamwe npounpuaamanujckux CD4+ T aumdpoumra. Muiiesu cy
xpTBOBaHHU 15 nana nocie naaykuuje EAE-a, m3onosane cy mononykneapHe henuje u3 L{IHC-a, pectumyiicane ex
Vivo PMA ¥ jOHOMHIMHOM IIpe HHTpaLenylapHOr 0ojerma U aHaiu3e MPOTOYHOM muToMeTpujoM. IlpukazaH je
MIPOIICHAT | arcolyTHU 0poj (cpeama Bpennoct + SE) CD4+TCRB+, CD4+IFN-y+, CD4+TNF-a+ u CD4+IL-17+
henuja u3 nBa He3aBHCHA ekcriepuMenTa ca 10 mumieBa mo rpynu. CTaTUCTHYKA 3HAYAjHOCT pa3yivKe je oapeheHa
Student-osuM t Tecrom; *p<0.05.
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4.3. MCMY un¢eknuja npe umynusamnuje nentuaoMm MOGsss5 noBehaBa npoueHnart u 0poj

npouHdaamanujckux CD8+ sumdponuTa y Mo3ry y ocycTBY rajieKTuHa-3

HName je anammsupano npucyctBo u ¢eHorun CD8+ T mmmdornura y MOHOHYKICApPHUM
uapmwirpatuma y IIHC-y, 15 mana nakon unayknuje EAE-a. Madexkumja MCMV-om mpe
nmyHuzanuje mnentuaoM MOGssss yrudue Ha mopact mporeHta CD8+ T numdorura y
unpmirparuma y HHC-y Gal-3 KO mumesa (I'padukon 3). Ilpouenatr CD8+ T numdornura koju
excripumupajy IFN-y je craructuuku 3nauajuo Behun y [IHC-y unpunmpanux Gal-3 KO mumiesa
umyHu3oBanux mnentuaoM MOGss.ss y opehemy ca Gal-3 KO muieBiMa HMyHH30BaHHM CaMo
nentuoM MOGssss (I'padukon 3b). Ilponenatr u ykyman 6poj CD8+ T mumdonura koju
excnpumupajy IL-17 je cratucruuku 3Havajao Behu y [IHC-y Gal-3 KO muiesa uHpHUIHpaHuX
npe wumyHmzanuje mnentuaoM MOGssss y mopehewy ca rpymom Gal-3 KO  wmwumesa
umyHuzoBanux camo nentuaoM MOGas.ss (I'padukon 3B). Ilponenar u ykynan 6poj CD8+ T
muMmdonuta koju excnpumupajy TNF-o je Behm y IHHC-y WT mumeBa unduuupanux mnpe
umynuzanyje nentuaoM MOGss.ss y mopehewy ca WT muineBnMa MMYHH30BaHHUX TIETITHIOM

MOGg5.55 (Fpa(bI/IKOH 3F)
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I'paduxon 3. ¥ oncycrBy raimexrnna-3 uHQEKIHja IMTOMETraJOBHPYCOM Ipeé HMYyHH3AIMje IENTHIOM
MOG;3s5 55 moBehaBa npouenar u 6poj nponndaamanujckux CD8+ hennja y HHC-y. MumeBu cy *pTBOBaHH
15 nana nocne unnykuuje EAE-a, usonoBane cy mononykieapue henuje u3z [IHC-a, pectumynucane ex Vivo PMA u
JOHOMHIIMHOM IIp€ WHTpALENyJapHOT 0Ojermha M aHaju3e IPOTOYHOM LuTOMeTpujoM. [IpukaszaH je mpoueHaT u
arconyTHu Opoj (cpenmwa Bpenuoct + SE) CD8+TCRB+, CD8+IFN-y+, CD8+TNF-a+ n CD8+IL-17+ henuja u3 nsa
He3aBHCHA ekcriepuMenTa ca 10 munieBaa no rpynu. CTaTHCTHYKA 3HAYAjHOCT pasiuke je onpehena Student-osum t
TtectoM; *p<0.05.
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AHanmu3oM ekcrnpecuje rpan3uma B u nepdopuna, Mapkepa nutonuTruke aktTuBHOCTH CD8+ T
nuMdonrTa, moka3zaHo je nmocrojame Beher mporeHTa u Opoja murorokcnmukux CD8+ henumja y
IHHC-y wundpuumpanux Gal-3 KO wmwumeBa koju cy umyHuzoBanu nentuaoM MOGgsss y

nopehemy ca Gal-3 KO mumeBnma nmyHn3oBanuM camo nentuioM MOGss.ss (I'padukon 4).
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I'paduxon 4. Y oacycrBy rajekruHa-3 HH(peKUIHja LHMTOMErajoBHPYCOM IIpe HMMYHH3alHUje TenTHIOM
MOGg3s5 55 noBehaBa npouenar u 6poj uuroautuukux CD8+ T aumdponura y IIHC-y. MumieBu cy xpTBOBaHH
15 nana nocne unnykuuje EAE-a, uzonoBane cy mononykieapue henuje u3z [IHC-a, pectumynucane ex Vivo PMA u
JOHOMHIIMHOM IIp€ WHTpALENyJIapHOT Oojema M aHaju3e IPOTOYHOM ILuTOMeTpHjoM. [IpukaszaH je mpoueHaT u
aniconytHu Opoj (cpemma BpemHoct + SE) CD8+rpamsum B+, CD8+mepdopun+ hemwja w3 nBa HezaBHCHA
excriepumenta ca 10 mumeBaa mo rpymnu. CTaTHCTHYKA 3HAYajHOCT pasiuke uamelhy undunupanux WT u Gal-3 KO
MHUIIIEBA KOjH Cy HAKOH Tora nmyHuzoBanu eHnedanorureHoM (WT MCMV+MOGss 55, Gal-3 KO MCMV+MOGss.
55) U rpyne camo umyHuzoBanux WT u Gal-3 KO mumesa nentugoMm MOGss.ss (WT MOGasss5, Gal-3 KO MOGss.
55) je onpehena Student-oum t TecTom; *p<0.05.
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4.4. Undexunja nuuromMerajoBupycom mnpe umyHusamuje mentuaoMm MOGss.ss yrudye Ha
nosehame mpouenta CD86+ heamja y momynamuju maxpogara y IHHC-y Gal-3 KO

mueBa u npouenta CD206+ heanja y nmonyaauuju makpodara y HHC-y WT mumesa

Jlasbe cMO aHanmu3upaid MOryhu yTuila) BUpyCHE HH(EKIMje Ha TpoMeHe y (EeHOTHIY
Makpodara y [IHC-y. Uadexuuja MCMV-om npe umynnzanuje nentuaoM MOGss 55 moBehaba
nporeHar u ykymnad 0poj makpogara y LIHC-y y rpynu Gal-3 KO muesa, anu nosehame He
JIOCTHXKE cTaTHCTHUKy 3HaudajHocT (['paduxon SA). Mako mopact mpoleHTa U yKymHOr Opoja
makpogara y [JTHC-y Gal-3 KO murieBa undunupanux npe uaaykiuje EAE Huje craTucTHUKH
3HaYajaH, y OKBHPY OBE MoIyianuje Makpodara 3HadajHo ce nmoehaBa mpormenar henuja koje
eKcpuMHupajy Mapkep kiacuuyHe akrtuBanmje, CD86 (I'pagpuxon 5B). Hudexnuja
[UTOMETAIOBUPYCOM Tpe umyHm3anuje nentugoM MOGssss y rpymn WT mumesa y [THC-y
CTaTUCTUYKU 3HauajHO moBehaBa mporeHar henmwja Koje eKNpuUMHUpajy MapKep ajlTepHaTHUBHE

aktuBaije CD206+ y okBupy nomysanuje Mmakpodara (I'padukon 5B).
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I'paguxon 5. Uudpexnuja nuromerasosupycom npe umynusanuje nentuaom MOG;s ss yrude na nosehame
npouenta CD86+ heamja y momyaanuju makpodara y HHC-y Gal-3 KO mumesa n mpouenra CD206+
hemmja y nomynanuju makpogara y HHC-y WT mumena. Mononykneapue henuje cy usonosane uz [THC-a WT
u Gal-3 KO nerperupanux muimesa 15 nana HakoH uHaykuuje EAE u aHannsupaHe NPOTOYHOM LMTOMETPH]jOM.
IpencraBibeHe Ccy cpeimbe BPEIHOCTH MIPOLEHTA CD45+CD11b"" hemuja (Mmakpodaru) u CD86+ u CD206+ henmja
Yy OKBHpPY CD45+CD11b"" momynarje + SE 3a 5 mumeBa mo rpymu. CTaTHCTHYKA 3HAYAjHOCT pa3jHKE je
onpehena Student-osum t TecTom; *p<0.05, **p<0.005, ***p<0.001.

45. HNudexnuja MCMV-om wu3azuBa ekcnansujy wuHpaamanujckux CD4+CD28-

aumdounura y nepudepnoj kpsu Gal-3 KO muimena

[Tokazano je na cy CD4+CD28- T numdouutu, Koju ce Omucyjy kao e)eKTopcKo-MEMOPH]jCKH,
npucyTHu y Behem Opojy kop xuBotuma ca EAE-om, na mpouenat oBux henmja kopenupa ca
CTENEHOM JIeMM]jeJIMHMU3alLM]je U TeKUHOM Oonectu u 1a MCMV nHbekimja n3a3uBa eKCIaH3mjy
oBux hemuja m tako mojauaBa EAE (226). [la 6ucmo ucnuramu na su MCMV undekuuja
nzazuBa Behy ekcmam3ujy CD4+CD28- T numdonura Ha nepudepuju y rpymu Gal-3 KO
MmuleBa u Tako noropmasa EAE ananu3upana je 3acTymjbeHOCT M (eHOTHN OBuX henumja y
nepudepHoj  KpBM  MuIIeBa  UMyHU30BaHMX — nentuaoM  MOGssss,  MHOHUIMpPaHUX
UTOMETAJIOBUPYCOM M MHOHUIMPAHUX M UMYHH30BaHUX eHuedanmuroreHoM. Kao mro ce Buan
Ha rpaduKOHy 6 MMyHHU3alHMja eHIEePaTUTOreHOM 3Ha4dajHO moBehaBa mporeHat eeKTopcKo-
MeMOpHjcKuX JuMdonuTa y nepudepnoj kpsu, MCMV wuHbpekuuja MuHUMamHO mnoBehaBa
nporeHar oBux hemuja u TO 3HayajHuje y rpynu WT mumeBa, 10K MH(EKIHja BUPYCOM H
HakHaaHa uMyHu3anuja nentugaoM MOGssss 3HauajHo moBehaBa mporenat CD4+CD28-
nmuMmponura camo y rtpynu Gal-3 KO wwmmea. Ilpouenar CD4+CD28- numdorura y
nepugepnoj kpu Gal-3 KO mumieBa MHQUUIUPAHUX BUPYCOM Ia MMYHHM30BAaHUX MENTHIOM
MOG3s 55 je cTatucTiyku 3Ha4ajHO Behu y nmopehemy ca mporieHTOM 0BuX henuja y nepudepHoj
KpBU MHQuUIMpanux u uMyHuzoBanux WT mumena (I'padukon 6). MHTepecanTHo je na cama
BUpycHa HH(Qekuuja 3HadajHo nosehaBa mponenar IFN-y+ hemmja y oxBupy CD4+CD28-
nonynanuje hemuja y rpynu Gal-3 KO mumieBa ma je mpolieHaT OBUX henHja CTaTUCTUYKH
3Ha4yajHo Behu Hero y rpynu uHpummpanux Gal-3 KO mumesa (I'papuxon 6). MmyHuszamnuja
nentugoM MOGss 55 ocnne nHdpeknuje Bupycom aogatHo nosehasa nponenat IFN-y+ henuja y
okBupy CD4+CD28- monymanuje y rpynu Gal-3 KO mumeBa, a y rpynu WT mumesa Hu
nH(peKMja H1 UMYHU3allMja He YTU4Y Ha noBehame mpoleHTa uH(IaMalnnjckux epexTopckKo-

MEMOPH]jCKHX JIMM(POLIUTA.
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I'pa¢uxon 6
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I'pajguxon 6. Undexuuja MCMV-om m3asuBa excnansujy IFN-y+ heauja y momyaaumuju CD4+CD28-
aumonnta y nepudepnoj kpsu Gal-3 KO mumena. MoHoHyKIIeapHe henmje cy u30j0BaHe U3 IepU(epHEe KPBH
WT u Gal-3 KO =merperupannx mumeBa 15 nana sakoH naaykudje EAE u 25 nana nakon uHpeknunje MCMV-oM n
aHaTM3MpaHe MPOTOYHOM muTOoMeTpHujoM. [IpencraBibeHe cy cpenme BpemHocTd mporenta CD4+CD28- hennja u
npoueHta IFN-y+ henuja y momynauuju CD4+CD28- + SE 3a 6 mumesa no rpynu. CTaTUCTHYKa 3HAYajHOCT
pasnuke je oapehena Student-osum t Tectom; *p<0.05.

4.6. Y oacycTBy rajektuna-3 ycmopaBa ce mopact mpoumeHta NK hemmja m IFN-y
no3uTuBHUX hesmja y nonynanuju NK heamja y cinesmHu nzazBan mH@eKInjoM MMILjUM

HUTOMETraJI0OBHPYCOM

[Momro je youeHa pa3nuka y penoruny tumdorura y nepudeproj kpsu uzmehy WT u Gal-3 KO
MHUIIIEBAa HAKOH MH(]EKIIM]je IUTOMETalOBUPYCOM Jajbe je aHanu3upaH ytunaj Gal-3 Ha UMyHCKH
oaroop Ha MCMV. Kox C57BL/6 muimieBa MexaHU3MH ypol)eHe UMYHOCTH HUIpajy KJbYUHY
yaory y KoHTpoiu pemnkainuje MCMV-a u cmamewy omrehema TKHBa BUPYCOM, Ta CY Jlajbe
aHaJM3upaHe pasiuke y peHoruny henuja ypohene umynoctu NK, NKT u nenapurckux henyja,
y caesuan WT u Gal-3 KO mumieBa pano mo nHQEKIUjH nuToMerajgosupycom. Kao mro ce
Buau Ha I'paduxony 7, Beh 1,5 nan mo undpexuuju ce y crnesunu WT mumieBa moBehaBa
npouenat NK henuja y ofHOCY Ha KOHTpOJIHE, HeHH(HUIMPaHe MHIIEBE, 0K ce y rpynu Gal-3
KO mumesa mpouenat NK henuja y cne3unu nosehasa tek 5 nana nocie undexuyje. [pornenar
NK henuja y cnesuan WT mumesa je 1,5 u 3 gana HakoH MHQEKILUje BUPYCOM CTAaTUCTUYKHU
3HauajHo Behu y mopehemy ca rpynom Gal-3 KO mumesa (I'padukon 7). Mehyrum, Beh on
neror AaHa o uHdekuuju je npouenat NK henuja y cnesunn Gal-3 KO mumesa Behu, a ox 11.

JaHa 1o MH(EKIWju W CTATUCTHYKM 3HauajHo Behu y mopehewy ca rpynom WT mumieBa
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(I'paduxon 7). Pesynratu ykasyjy aa ce y OACYCTBY TaJIeKTHHA-3 KacHH]e ToBehaBa mpolieHar

NK henmja y cnesunn y onroBopy Ha MCMV undekumjy.

I'padpuxon 7
BWT

18 1 @Gal-3 KO
= 15 -
S
o 12 4
[a)
g 97 5
3 6 * *
< — —
(@)
“ liim e Hm

O - T T T T

KoHTpona 1,5.paH 3. paH 5. paH 11. paH

I'paduxon 7. Ipouenat NK henuja y cie3nnu ce xkoa Gal-3 nepunujenTunx mumena nosehasa Ttek ner gana
nocie MCMV unpexuuje. MoHonykneapre hemmje cy m3onoBane u3 cnesuHa WT u Gal-3 KO Herpetmpanux
mumesa u 1.5, 3, 5 u 11 gama HakoH wWHTpamepuroHeamHe ammkammje 1x10° PFU MCMV n asammsmpaHe
npoTouHoM 1uTomerpujoM. [IpeacraBibeHe cy cpenbe BpenHoctu mporeHtra NK henuja (CD49b+CD3-) + SE 3a 5
MuieBa o rpynu. CTaTuCTHYKa 3HAYajHOCT pasnuke je oapehena Student-oBum t Tectom; *p<0.05.

Habe je anamusupan (enorun NK henuja y cne3auHu MHOUIMpPAHUX MUIIEBA Y Pa3IHUYUTHM
BpeMeHCKUM uHTepBanuMa HakoH MCMV undekuuje. YoueHo je na mporeHat hemmja koje
eKCTPUMHUPAJy MapKepe IUTOIMTUYKE AaKTHBHOCTH, TEeppOpHH M TpaH3uM B, y okBupY
nonynaiuje NK henuja sehu y rpynu Gal-3 nedunmjentaux mumesa (I'padpukon 8). [pouenar
hennja koje excnpummupajy nepdopuH y okeupy mnonyianuje NK henuja je craructuuku
3HauajHo Behu y rpynu Gal-3 nepunujentnx mumiesa y nopehemwy ca rpynom WT muriesa u 3
u 11 nana Hakon undexuuje MCMV-om (I'paduxon 8A). [Iporenar henuja koje ekcnpumMupajy
rpan3uM B y okBupy nonynauuje NK henmja je y nopehewy ca rpynom WT mumesa Behu y
rpynu Gal-3 nedunujentaux mumiesa 3 gana nocie uHbekpje MCMV-om, a 11 gana mocne
nHOEKIMje Ta pa3iamuka je U craTucTuuku 3HavajHa (I'padukon 8b). Hema pasnuke y nporeHrty
FASL+ y nmonynauuju NK henuja uzmel)y nerperupanux m unpunupanux WT u Gal-3 KO
mumieBa (I'padukon 8B). Mehy nerperupanum WT u Gal-3 KO mumesuma HemMa pasiuke y

¢enotruny NK henuja y cnezunu (I'paduxon 8).

55



I'paduxon 8
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I'pajguxon 8. OncycTBo rajekrnHa-3 3Ha4yajHo moBehaBa MpoueHAT HUTOMUTHYKUX henuja y momyaaunuju
NK heanja y ciae3nan mumeBa ungunupannx MCMV-om. Mononykieapae hennje u3 ciesnHe Cy aHaTU3UpaHe
METOJIOM MPOTOYHe uuToMeTpHje 3 u 11 naHa HakoH BHpycHe MHQekuuje. [IpencraBibeHe cy Cpeame BPeJHOCTH +
SE npouenra nepdopunt, rpanzum B+ u FASL+ henuja y monynanuju NK henuja(CD49b+CD3-) 3a 5 muiesa mo
rpymnu. CTaTHCTHYKA 3HAYAjHOCT pasiuke je oxpehena Student-oum t Tectom; *p<0.05.

JamoMm ananuzoM ¢geHotunckux kapakrepuctiuka NK henuja je yrBpheno aa je nporenar IFN-
v+ henuja y okBupy nomnynanuje NK henuja y cinesunu craructuuku 31a4ajHo Behu y rpynu WT
mumieBa y nopehemy ca rpynmom Gal-3 KO mumeBa 3 naHa HakoH WH(QEKIHje BUPYCOM.
Mebhyrum, 11 nana nocne uHdexkumje je oOpHyro, mporeHat IFN-y+ henuja y okxBupy
nonyiaiuje NK henuja y crnesunu je craructuuku 3Hadajuo Behu y rpynu Gal-3 KO muiesa y
nopehemwy ca rpynom WT mumeBa (I'padukon 9A). [lpouenar IL-17+ henuja y momynaruju NK
henuja y cne3unu ce nmosehasa nocne nHQeEKIHje uToMeragoBupycom u y rpynu WT u y rpynu
Gal-3 KO wmwumeBa, anu no 11. nana nmo uHdeknuju HeMa 3Ha4ajHe pasziuke usmely oBe 1Be
rpyne, 11 mana mocne MCMV uHdeknuje je craructuuku 3uavajuo Behu y rpymu Gal-3 KO

mutresa (I'padukon 9b). Iponenrtyanna 3actymbeHocT anturH(pIamanujckux IL-10+ henmja y
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nonynanju NK henuja y cne3uHm je cratucThuku 3HavajHo Beha y rpymu WT mwumeBa y
nopehemy ca rpymom Gal-3 KO mumieBa u 3 u 11 mana wakon uadpekiuje MCMV-om

(I'pacdukon 9B).
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I'paduxon 9. OacycTBo rajekTuna-3 3Hadajuo nosehasa nmpouenat |IFN-y+ u IL-17+, a cMmamyje npomeHaT
IL-10+ henuja y momynanuju NK henuja y ciae3man mumeBa mHpuuupanux MCMV-om. MoHOHYKIIeapHE
henuje u300BaHE M3 CIE3MHE Cy aHAM3UpPAHE METOJOM IpOTO4YHEe IHMToMeTpuje 3 M 11 naHa HaKOH BHpYCHE
undekuyje. [IpeacrasibeHe cy cpeamwe Bpeanoctd + SE npouenra IFN-y+, IL-17+ u IL-10+ henuja y nonynanuju
NK henunja (CD49b+CD3-) 3a 5 mumieBa mo rpynu. CTaTUCTHYKA 3HAYajHOCT pasjiuke je oapehena Student-osum t
tectoM; *p<0.05.

4.7. OncycTBo rajektuna-3 ycnopasa nopact npouedta NKT heauja u npouentra IFN-y
no3utuBHuX henuja y nonyiaanuju NKT henuja y cie3nnn nza3pad MHQEKIHMjoM MUILIjUM

HUTOMErajoBHMpycoM

ITopen NK henmja koje Ccy KbYYHH perylaropu OATrOBOpa ypoheHe HMYHOCTH Ha

uutomeranoBupyc (1 MCMV) u NKT henuje nponykyjy 3Hauajuy konumuuHy IFN-y koju
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yaecTByje y KoHTpoau MCMV undexnuje. lame je aHanmm3upaH yTUIa] OyCTBA TaJICKTHHA-3
Ha 3acTymybeHocT U (eHorurncke kapaktepuctuke NKT henwja y cneswmHn wmHOUIUpaHUX
mumieBa. Cnrnuno Hanasuma koju ce ogHoce Ha NK hemuje u nmpounenar NKT (CD3+CD49b+)
henuja je y mpBum mganuma (3 mana) mocie MCMV uH]eKIje CTAaTHCTUYKK 3HA4YajHO Behu y
ciesuan WT Hero y cinesunn Gal-3 KO mumieBa, a ox meror gaHa uH(EKIHje je OOPHYTO

nporienat NKT henuja cratuctuuku je 3nadajuo Behu y rpynu Gal-3 KO mumesa (I'padukon

10).
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I'paduxon 10. IIpouenar NKT heanja y cnesunu ce xon Gal-3 gepunujeHTHNX MuIIeBa nosehaBa Tek mer
nana mnociie MCMV wuHnpexnuje. Mononykieapue henuje cy wusonoBane u3 ciesua WT u Gal-3 KO
HeTpeTHpaHux MumeBa u 1.5, 3, 5 u 11 maHa HaKOH HWHTpanepUTOHEANTHEe AIUTHKAIUje 1x10° PFU MCMV u
aHaNnM3UpaHe MPOTOYHOM 1LuTOMeTpujoM. IIpencraBmeHe cy cpeame BpenHoctn mnporenta NKT henwmja
(CD49b+CD3+) + SE 3a 5 mumea no rpymnu. CraTuCTHYKa 3HA4YajHOCT pasnuke je omapehena Student-oBum t
tectoM; *p<0.05.

Nudexnuja nuromerasoBupycom noehaBa 3acTynsbeHOCT henrja Koje eKCIpuMupajy Mapkepe
nuToNMTHYKe akTuBHOCTH y nonynanuju NKT henuja y o6e rpyne mumesa 1 WT u Gal-3 KO
(I'paduxon 11). [Ipouenat nepdpopun+ (I'paduxon 11A) u rpanzum B+ (I'papukon 11b) henuja
y momymnaiju NKT hemuja y cnesunm je cratuctwdku 3Ha4dajuo Behm y rpymm Gal-3 KO
muieBa 11 nana nocie nHdeknuje nuuToMeragoBupycom y nopehemwy ca WT mumesuma. Hema
pasnuke mely rpynama uHduuupanux mumena y npoueHty FASL+ henuja y nomynamuju NKT

henuja vu 3 Hu 11 nana nocne undexuuje (I'padpuxon 11B).
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I'paduxon 11
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I'paduxon 11. OacycTBo rajnekTuHa-3 3HavajHo nopehapa npoueHat nMTOJMTHYKHX henuja y momyaanuju
NKT henuja y cuaesunm mumeBa unpunupannx MCMV-om. MononykiieapHe henuje u3 cnesune cy
aHaIM3UpaHe METOAOM IpoTouHe nuTomerpuje 3 u 11 nana HakoH BUpycHe nHQekuuje. [IpencrasbeHe cy cpenme
Bpennoctd + SE mpornenrta nepdopun+, rpamsum B+ u FASL+ henmja y momynamuju NKT henuja 3a 5 mumesa mo
rpymu. CTaTHCTHYKA 3HAYAJHOCT pasiuke je oapehena Student-osum t recrom; *p<0.05.

ITponienar IFN-y+ henuja y nomynanuju NKT henuja y cie3suHu je CTaTUCTHYKY 3HaYajHO Behu
y rpynmu Gal-3 KO mumeBa y nopehemy ca rpymom WT mumeBa u 3 u 11 pmana mocne
nHpexuuje Munjum ruromeranosupycom (I'padukon 12A). Cnuuno, npouenar IL-17+ henuja 'y
NKT nonynanuju y cne3unu je tek 11 naHa mocie MHQEKIMje CTaTUCTUYKU 3Ha4ajHO Behu y
rpynu Gal-3 KO mumesa y nopehewy ca rpymom WT mumesa (I'paduxon 12B). Ca nmpyre
CTpaHe, poleHat henuja koje eKnpuMupajy antuuHpaamanujcku qutokud 1L-10 y nomynanuju
NKT henmja y cne3unu je craTUCTHUKH 3HayajHO Behu 11 mana mocne undexnuje y rpynu WT

muiieBa y nopehemwy ca rpymnom Gal-3 KO muresa (I'padukon 12B).
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I'paduxon 12
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I'paduxon 12. OncycrBo rajekruna-3 3nayajio nopehasa npouenar IFN-y+ u IL-17+, a cmamyje npoueHar
IL-10+ heauja y monmysauuju NKT heauja y ciaesunu mumeBa nnpunupanux MCMV-om. MoHonykneaptae
henuje m300BaHE W3 CIE3WHE Cy aHAIM3WpPaHE METOJOM IpOTO4YHE IMToMerpuje 3 W 11 1aHa HaKOH BHPYCHE
uadexnmje. [Ipencraspere cy cpenme BpeqHoct + SE mpomenra IFN-y+, IL-17+ u IL-10+ henuja y monmynanuju
NKT henuja 3a 5 mumesa no rpymu. CTaTHCTHUKa 3HAYajHOCT pasznuke je onpehena Student-oBum t Tectowm;
*p<0.05.

4.8. NepuumjeHnuja rajeKTuHa-3 je yaApy:KeHa ca MABUM MPOIEHTOM HHE(IaMAIUjCKHX

CD11b+ hesamnja y cjie3nHun MuieBa MHGUUUPAHUX MULIjUM HHUTOMEraJ10BHMPYCOM

[Tomrro mpexuBibaBame, nmponudepannjy U nutorokcuuky aktuBHocT NK henuja moxctuuy
IUTOKMHU KOje TPOIyKyjy aeHapurcke hemuje u makpodaru (20, 228, 229) ananusupana je
3aCTYIUBCHOCT M KapakTepucThke henrja koje mpe3eHtyjy anturere y cinesuan WT u Gal-3 KO
muieBa uHpuuupanux MCMV-om. Ilponenat CD1lct+ aenapurckux henuja je cTaTHCTUYKH
3Ha4yajHO BehM y cie3uHU 37paBuXx, HeTpeTupanux WT muineBa, anu U y CBUM HCIIUTUBAHUM
BpEeMEHCKUM uHTepaBinMa 1o uadpeximju MCMV-oMm y nopehemy ca undunupanum Gal-3 KO
mumieBuma (I'paduxon 13A). Ilponenar CD11b+ nenapurckux henuja koje Takohe nmpoaykyjy

npouH(IamManyjcke MUTOKHHE KojuMa aktuBupajy NK hemumje (228) je craTucTiuku 3Ha4ajHO
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Behu y ciaesuan WT muinesa y mopehemy ca rpynom Gal-3 KO muriieBa y KOHTPOJIHAM Tpylama

MuieBa, ainv ¥ 3 u 5 nana o uHpeknuju MCMV-om (I'paduxon 136).

I'pa¢uxon 13
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I'padukon 13. OncycrBo ranexkruHa-3 cMambyje NpoleHAT AeHAPUTCKUX heimja y cje3uHH MHUIIeBa
uHpumpanux MCMV-om. MoHonykieapre henuje cy nzonoBane u3 ciesnna WT u Gal-3 KO Herpernpanux
Mumesa u 3, 5 u 11 gaHa HakoH MHTpanepuToHeanHe amtukanuje 1x10° PFU MCMV u aHanusupaHe OpOTOYHOM
uuromerpujoM. IlpencraBisene cy cpeame BpenHoctu mporenta CD1lct+ u CD11c¢+CD11b+ henuwja + SE 3a 5
MuiieBa o rpynu. CTaTUCTHYKA 3HAYajHOCT pasnuke je oapehena Student-osum t Tectom; *p<0.05, ***p<0.001.

AnHanm3za excnpecHje IMTOKHHA y henrjama Koje MpuKa3yjy aHTUTeHE IPOTOYHOM IUTOMETPH)OM
yKa3yje Ja je TMpoayKIHja MpouH(pIaMalijCKuX NUTOKMHA Mama y rpynu Gal-3 KO muesa.
Kao mro ce Bunu Ha I'paduxony 14A mpounenar CD11b+ henuja xoje excnpumupajy IL-6 y
CIIC3HMHHU je CTaTHCTHYKH 3HauyajHo Behu y rpynmu WT muinesa y nopehemy ca rpynom Gal-3 KO
MmunieBa, 11 nana HakoH uH@ekuje BupycoM. Hema ctaTUCTHUKY 3HaYajHE pa3jivKe y MPOLEHTY
CD11b+ henuja koje excpumupajy IL-10 usmehy WT u Gal-3 KO rpyne muiieBa Hu mnpe HU
nocie ungexuuje MCMV-om (I'padukon 14b).
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I'paduxon 14
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I'pajguxon 14. OacycrBo rajiektuHa-3 cMmamyje mpoueHat uHpuaamanujckux CD11b+ heamja y ciae3mHu
mumeBa uHpuuupanux MCMV-om. Mononykieapne henmmje cy m3onoBaHe u3 cinesuHa WT m Gal-3 KO
HETPETHpAaHMX MuIIeBa M 3, 5 um 11 jaHa HakoH HHTpamepuToHeanHe arvmukamuje 1x10° PFU MCMV u
aHaIM3UpaHe MPOTOYHOM HUTOMETpUjoM. lIpencraBibeHe Cy cpeambe BpeaHoctd mporenta CD11b+IL-6+ u
CD11b+IL-10+ henuja + SE 3a 5 mumieBa no rpynu. CTaTUCTHYKA 3HAYAjHOCT pasiuke je oapehena Student-oBum t
TectoM; *p<0.05.
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4.9. lepunujeHunja rajeKkTHHA-3 je yapy:KeHa ca TexkoM (POPMOM XeNmaTHUTHCA KOjH je

u3azean MCMYV Bupycom

[To3naro je na umyncku oaroop Ha MCMV y Benukoj mepu n3asuBa omreheme TKUBA Y TOKY
nnpeknuje. Kako je msmehy WT m Gal-3 KO wMumeBa youeHa 3HauyajHa pa3jiuka y
kapaktepuctrukama NK u NKT henuja y cnesunu u y panoj u kacuoj ¢hazu MCMV undekmnuje
(I'pacdukonu 8, 9, 11 u 12) naspe je UCIUTHBAH YTULA) TAJICKTUHA-3 HA TSKUHY XEMAaTUTHCA KOjH
C57BL/6 mumeBu pas3Bujajy pano no wHpekuuju MCMV-om. XUCTONOIIKA U CEPOJIOLIKU
napametpu omrehema jerpe cy ananmuzupanu kogq WT u Gal-3 KO murea 36 u 72 cara HakoOH
undekuje. Huje Ommo pasiuke y apXuTekTypH TKuBa jerpe usmehy nerperupanux WT u Gal-3
KO wmumeBa (cnuka 2). XUCTOJIOMIKY MMapaMeTpH IMOBE3aHU Ca XENaTUTHCOM KOjHU je UHIYKOBaH
MCMV-omMm, a omHoce ce Ha uHGIAMAIM]y W HEKpo3y jerpe cy m3paxkenuju kox Gal-3 KO
mumieBa napunupanux MCMV-om 36 u 72 cara Hakon undpekuuje (Cnuka 2, I'padukon 15).
Beha nekpornuHa mosba u Behu wuHbmamanujcku (okycu cy youenu y jerpama Gal-3 KO
mumea 36 caru HakoH uHpekuuje MCMV-om (Cinuka 2). CiudHe pa3iuke y BEIHMYHHU
HekpoTnuHux nosba usmehy Gal-3 KO u WT wmumieBa cy youene 72 cara makon MCMV
undexuuje (Cnuka 2). Y ucro Bpeme Gal-3 KO wmumeBu cy umanu Behn Opoj Mamux
unpnamanujckux okyca y nopehemy ca WT muimieBuMma, 10K HUje OMIIO pa3iuKe y BEIUYUHU

uHpnamaiujckux pokyca nsmely ose aBe rpyne mumesa (Ciuka 2).

I'pajuxon 15
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I'paduxon 15. Undaamannja u Hekposa jerpe cy uspaxkenuje koa Gal-3 KO mumesa 36 u 72 cata HakoH
nHpexnuje MCMV-om. Tkuso jerpe WT u Gal-3 KO mumeBa je ekctuprnupaso 36 u 72 cara nocie uHpeKnuje
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MCMV-oM, TKHBHH HceYIH Cy 00jeHH XeMaTOKCHIIMH-e03nHOM. [IpeicTaBibeHa je cpe/itba BPeIHOCT XUCTOIOMIKOT
CKOpa 13 2 0/IBOjeHa eKCIIepUMEHTa ca 6 MHIIIEBA 110 IPYIIH.

Ciauka 2

WT xonrtpoJa
I

A
] iﬁ\q\?"
F .““/ 4229,

Gal-3 MCMV 7

Cauka 2. Ilatoxucrosomkn ucednu Tkusa jerpe WT n Gal-3 KO mumesa 36 u 72 cara HakoH nHpexknuje
MCMV-om. Tlpukazanu cy mpuMepH MATOXHCTONOMIKAX mceyaka TkuBa jerpe rpyne WT MCMV u Gal-3 KO
MCMYV wmuieBa. Tkuo jerpe je excruprnupano 36 u 72 cara nocie unpexkuuje MCMV-oM 1 TKUBHU HCEUH CY
000jeHH TeXHHKOM XEMaTOKCUIIMH-e03MH. L[pHe cTpenune nokasyjy HEKpOTHYHA I10Jba, a Oejle CTpelule MOoKa3yjy
nHpnamanujcke okyce.

Nako je unpexkunja HCMV-om cyOkiIMHHMYKA KOJI MMYHOKOMIETEHTHHX 0C00a, 4ecTo je
npaheHa MOBHINEHHM BpEIHOCTUMA KOHIEHTpalMje TpaHCaMHHa3za y cepymy. McmutuBaHa je
KOHIIEHTpanuja ajanuH TpancamuHaze (ALT) y cepymy HHPHUIIMpaHUX MUIIEBa. Y CKIagy ca
XHUCTOJIOIIKAM Hana3uMma, Hal)eHH Ccy CTaTHCTUYKM 3HadajHO Behe koHueHTpamuje ALT-a y
cepymy y rpynu Gal-3 KO wmumieBa 36 catu HakoH uHpekiuje MCMV-om, y nopehemy ca
rpyiom WT wmumiesa (I'paduxon 16).
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I'paduxon 16
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I'paduxon 16. Konuenrpauuja ALT je Beha y cepymy Gal-3 KO mumesa 36 catu Hakon undexuuje MCMV-
oM. KoHneHTpanyje eH3uMa jeTpe y cepyMy Cy onpehuBaHe KOJOPHMETPUjCKOM MeToioM 36 m 72 carta mocie
nnpekuuje MCMV-om. IIpencraBibena je cpenma BpenHoct + SE cepymcke koHueHTpauuje ALT-a, 6 mumiesa no
rpynu. (Student- t tect; *p<0.05).

V3umajyhu y 003up 1a je Benuku Opoj HEKPOTHYHHUX I0Jba MPUCYTaH y ucedynuma jerpe Gal-3
KO mumesa (Cnuka 2, I'paduxon 15) u t7a MCMV nma criocoOHOCT 1a HHAYKYje HEKPOIITO3Y
(230), ucnuruBanu cy Mmapkepu Hekponroruune cmpti, HMGBI (enri. High mobility group box
1) y xoMoreHaTumMa TKHBa jeTpe U MeMOpaHCKa €KCIpecHja KalIpeTHKYJIUHA Ha XeMaTOlUTHMA,
36 caru HakoH uHdpeknrje MCMV-om. Cratuctuuku 3Ha4yajHo Beha koHueHTpaunja HMGBL je
yrBphena y xomorenatuma jerpe (I'paduxon 17) Gal-3 KO wmumesa y mopehemy ca WT

munieBuMa 36 catu HakoH uHpeknuje MCMV-om.
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I'paduxon 17
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I'paduxon 17. Konnenrpanuja HMGBI je cratuctuuku 3Havajuo Behia y xomorenary Tkusa jerpe Gal-3 KO
muiieBa 36 catu HakoH nHdexknuje MCMV-om. Konnenrpannje HMGBI1 y xomorenatuma tkuBa jetpe (100 mg)
cy oapehene ELISA meromom 36 catu mocne undeknuje MCMV-om. Tlpencrasibena je cpenma BpeaHocT + SE
HMGB1 konuentpanuje, 5 mumiesa 1o rpymd. (Student- t rect; *p<0.05).

W3pakeHnja HEKPONTOTCKA CMPT XEMATOLUTA je MOTBpleHa U Hajda30M CTATMCTUYKM 3HAYajHO
Beher mpoleHTa KaJIPeTHUKYJIWH MO3MTHBHUX Xemartorurta y rpymu Gal-3 KO wumesa y

nopehemy ca WT mumesuma 36 catu HakoH nundpeknuje MCMV-om (I'padukon 18).

I'pajuxon 18
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I'padukon 18. IpoueHat kajaperukyauH+ xenarouuta je Behu y jerpu Gal-3 KO mumena 36 catu HaKkoH
nHpexunje MCMV-om. [IporieHar kajapeTukyiauMH+ XemaTonuTa je oapeheH mporoyHoM nuromerpujoM 36 catu
HakoH uHpekurje MCMV-om. [lonanu cy npencraBbeHH Kao cpe/iiba BPEAHOCT KaJIpeTUKYIHMHT Xxenaronuta + SE,
5 mueBa no rpymu. (Student- t rect *p <0.05).
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4.10. Gal-3 KO mumeu unpuuupann MCMYV-oM UMajy BHIIIE alIONTOTCKUX XeNATOHMTA

Ja 6ucmo nawe ananmsupanu omreheme jerpe kox WT u Gal-3 KO mummeBa HakoH nHDEKIHje
MCMV-omMm, kopuctiuiu cmo TUNEL Ttect (o3HauaBame TMOCPEIOBAHO TEPMHHAIOM
neokcuHykiaeoTaun  tpancdepaszom, dUTP) 3a in  situ  gerexuujy  dparmenranuje
ne3okcupuOonykienHcke kucenune. Kao mro je mpukazano Ha Caunu 3 u Ha ['paduxony 19,
jetpe Gal-3 KO wmwumeBa caapxe 3Hauajgo Behu Opoj amonrtorckux, TUNEL mo3uTHBHHX

xemnaroruTa 72 cata HakoH uHpekuje MCMV-om, y mopehemy ca jerpama WT mumiesa.

Ciauka 3

Konrpoaa
WT
Gal-3 KO

Cauka 3. Penpe3entaruuu npumepu TUNEL no3utuHux xenarouuta WT u Gal-3 KO mumeBa 72 cara
HakoH nHpexuuje MCMV-om. TUNEL no3uTHBHH XeMaTONUTH UMajy OpaoH npebdojeHa jeapa.
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I'paduxon 19
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I'paduxon 19. bpoj anonrorckux, TUNEL mo3uTHBHMX XeNaTOLMTA je CTATMCTUYKU 3HAa4YajHo Behum koj
unpumupannx Gal-3 KO mumena. Vceuru jerpe cy o6ojern TUNEL meromom 72 cata mocie mH(pEKIHje.
TUNEL nozutnBHE XemaTonuTH (OpaoH jeapa) cy mpedpojaHd y MeT Pa3InIuTHX I0Jba, a MOJANH Cy MpHUKa3aH!
kao cpeamwu 6poj TUNEL nmo3utuHux xenarouuta + SE, 6 Muinesa no rpymnu. (Student- t rect; ***p<0.001).

Jla 6ucmo notBpawiu nosehany amonTo3y xemaronuta koa Gal-3 KO muiiesa, n3onoBaim cMo
xenarorute u3 WT u Gal-3 KO mumeBa 72 cara xakoH MCMV uH}eKIMje U OAPEANIA CMO
IIPOLIEHAT aNONTOTCKUX henuja MPOTOYHOM LUTOMETPHjoM. JleTeKTOBad CMO CTAaTHCTUYKH
3HauajHO BehW MpOIEHAT anonTOTCKUX, ANNEXin V MO3MTUBHUX XEMAaTOLUTa W30JOBAHHX M3
unuimpanux Gal-3 KO mumieBa y nopehemy ca napunupannm WT mumesuma (I'padukon
20). Ta 6ucmo jomur jearom noTBpawiu nmoBehany anonrto3y xemaronuta ko Gal-3 KO muiesa,
ypaheHa je IMyHOXMCTOXEMHjCKa aHaJI3a eKCIpecHje kacmnasze-3 y ucednuma jerpe. Kao mro je
npuka3aHo Ha Crmunu 4, y tkuBy jerpe Gal-3 KO wmumesa je youeH Behu Opoj anmonToOTCKUX,
Kacrnasa-3 no3uTUBHUX henuja no nHdaamanujckom HHGUITpaTy y nopehewmy ca nHGUIHpaHUM

WT muiuesuma.
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I'pa¢uxon 20
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I'paduxon 20. Ipouenar anontorckux, ANNexinV+PIl- xenarouura je craTucTuyYku 3Ha4ajHo Behu xox Gal-
3 KO mumeBa wunpuoupanmx MCMV-om. Amonro3a Xemarolnura je aHalW3WpaHa METOIOM IPOTOYHE
muromerpuje momohy Annexin V (FITC) u nponuaujym jomun ABOCTpyKor 6ojemsa. [lomanu Cy mpeacTaB/beHd Kao
cpenma Bpegaoct Annexin V+PI- xenatouura + SE, 6 mumesa o rpymu. (Student- t tecr; *p <0.05).

Cauka 4

C57BL/6

Canka 4. UMyHOXHCTOXeMHjCKO 00jer-e mMpemapara jeTpe. AINONTOTCKH XENATOLMTH CY JAETEKTOBAHH AaHTH-
Kacmaza-3 0ojemeM (IIpHKa3aHu [PBEHOM 00joM). ATIONITOTCKU XenaTouTy ¢y Opojuuju xon Gal-3 KO mumresa 72
cara HakoH HHpekje MCMVAmI157 Bupycom.
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4.11. Uudexnuja MCMV-om noBehaBa excnpecujy rajieKTuHa-3 y XxenaToifuTumMa

[anekTuH-3 UMa pa3lIMuUTy YJIOTYy y MATOreHEe3W TyMOpa M y MaTOreHEe3W OpOjHUX XPOHUYHUX
uHnamamujckux Oonectn (124, 231-233). Ilo3naro je na OwnujapHe enuTenHe henuje u
xenatoruty 3apaBux C57BL/6 muimieBa nMmajy BeoMa ciiady ekcrpecujy raiexktuna-3 (234).
[TokazaHo je na mojayaHa eKcCIpecHja TrajJeKTHHa-3 MOCTOjU KOJ MalyjeHaTa ca XernaTUTUCOM
Koju je mHaykoBaH BupycoMm (235). Jla Ou ce wucnmrao yrunaj uHpeknuje MCMV-om Ha
eKcrpecujy rajektuHa-3 In Vivo u na Ou ce onpeamia henmjcka Jokanu3alyja TaJieKTHHA-3,
ypaheHo je umyHoxucroxemujcko 6ojewme ucedaka jerpe WT u Gal-3 KO mumesa 36 u 72 cara
HakoH uHpekuuje MCMV-om. MmyHoxuctoxemujcka 0ojema Hceyaka jeTpe cy yKasaia Ha
3HA4ajHO BPEMEHCKHU 3aBUCHO ToBehame excrpecuje rajektuHa-3 y xenarouutama WT muriesa
HakoH MCMYV undexuuje (cnmuka 5SA). Excripecrja ranektuHa-3 HHje youeHa Yy XeHaToluTHMa

HenHpuimpanux muiiea U Gal-3 KO mumesa napunupanux MCMV-om (cauka 5B).

Cauka 5

A

WT KOHTpOJIA ) WT MCMV 36 caTu WT MCMV 72 cara

Gal- 3 KO KOH‘é)OJIa - Gal 3 KO MCMV 36 caTtu Gal 3 KO MCMV 72 cara
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Caunka S. Ilpuka3 HMyHOXHCTOXEMHjCKH perucrpopane exkcnpecuje Gal-3 y ncednuma jerpe mHGpUIUpPaHUX
WT u Gal-3 KO mumeBa. Penpe3eHTaTHBHH HCEYLH eKcrpecHje raiekTuHa-3 y jerpama WT u Gal-3 KO mumesa
36 u 72 cara HakoH uapekuuje MCMV-om u y koHTpOostHUM HenHpuimpanum jerpama WT u Gal-3 KO mumesa.
lanextun-3+ xenarouuTu cy npucytHu kogq WT muiiea 36 caru, a Hapouuto 72 cara HakoH uHpekije MCMV -
OM.

=
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Jla 6u ce kBaHTH(HKOBAIA EKCIIPECH]a TaJeKTHHA-3 Y jeTpu HHOUIIMPAHUX MUIIIEBA, OPOjaHH Cy
TaJICKTHH-3 TMO3UTHBHH XETATOIUTH Yy JECET Pa3IHMYUTHX T0Jba Ha Mperapary W MpHKa3aHH Cy
Kao cpeamu 0poj ranektuH-3+ xenaromura + SD. V jerpu Gal-3 KO muiieBa Hema rajaekTHH-3
MO3UTHUBHUX XemaTonuTa Kao HU y jetpu Herprupanux WT mumesa (I'paduxon 21). Beh 36
catu 1o uHpeknuju je y jetpu WT MuieBa nmpucyTaH 3HavajaH OpoOj TajleKTHH-3 MO3UTHBHUX
xenaronuTa, a 72 cara HakoH uHpeknuje MCMV-om 6poj oBux henuja mo BHAHOM IOJBY j€
CTaTUCTHYKU 3HauajHO Behm y mopelemy ca OpojeM rajekTuH-3 MO3UTUBHUX Xemarouurta 36

caru HakoH MCMV undexuumje (I'padukon 21).

I'paduxon 21
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I'padukon 21. Undexnuja MCMV-om noBehaBa ekcnpecujy rajiekruna-3 y xemarouuruma. bpoj ranexkrtis-3
MO3UTHBHUX XENAaTOLUTA je MpeOpojaBaH y JeceT pa3iMuMTHX I10Jba M MpPUKa3aH je Kao CpeimH Opoj rajekTuH-3
MO3UTUBHUX XemaTrouura mo nosby + SD. Jenan penpe3eHTaTMBHU e€KCIIEpUMEHT, 6 MuieBa rmo rpymu. (Student- t
tect; ¥**p<0.001).

4.12. Texka 6ogect koa Gal-3 KO mumena je He3aBucna o1 aktuBHocTu NK henuja

V3umajyhu y o63up ummenune na NK henuje urpajy kjpydHy yjaory y paHOM HMYHCKOM
oarosopy npotuB MCMV-a kon C57BL/6 mumesa (206) u na NK henuje nonpunoce omrehermy
jerpe xon BupycHux uH(pekuuja (236), ucnutuBana je moryhHoct jaa je Behe omreheme jerpe
kon wuHummpanux Gal-3 KO wmumeBa mnocinenauna nosehane aktuBHocTH NK  henuja.
Amnanuzupano je npucyctBo u ¢peHotun NK henuja y MoHOHYKI€apHUM HH(UITpaTUMa jeTpe,

36 u 72 cata HakoH MCMYV undexnuje. Huje Oumno craructuuku 3Ha4ajHOT MoBehama mpoleHTa
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u ykymHor Opoja NK hemmja y jerpu undurmpannx Gal-3 KO wMumeBa y ogHocy Ha
weurdunupane Gal-3 KO mumese (['paduxon 22). Ca apyre crpane, MCMV wunpeknuja je
MHIYKOBajla CTaTUCTHYKU 3Ha4yajHO noBehame mporeHTa u ykynHor Opoja NK hemuja y jerpu
uHpumpanux WT mumea y oqHocy Ha HenHpuimpane WT mumiese (I'padukon 22). Takohe,
nporeHaT u ykynaH 6poj NK henuja je cratuctuuku 3HavajHo Behu y jetpu WT mumesa y
nopehemy ca rpymom Gal-3 KO mummeBa, 36 u 72 cara nHakon wuH(peknuje MCMV-om

(T'padukon 22).
I'paduxon 22
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I'paduxon 22. Kog mapuuupanux Gal-3 KO mumeBa je mpucyran Mamu mpomeHaTt u ykyman Opoj NK
henuja y jerpu. MeromoMm mpoToyHe NUTOMETpHje Cy aHAIW3WpaHe MOHOHyKiIeapHe hemuje 36 m 72 cara mocie
undekuje MCMV-om. Ilpencrasibene cy cpeame BpeaHoctd + SE, 6 mwumesa mo rpymu. (Student- t rtecr;
*

p<0.05).

VYxymnan 6poj IFN-y+ NK henuja je craructuuku 3navajuo Behu y jerpu WT mumena 36 catu
HakoH MCMV wundekimje y onnocy Ha Gal-3 KO wmuineBe, 10K OBa pas3ivka HHje MMaa

CTaTHCTUUKY 3HauajHOCT 72 cara HakoH uHpeknuje (I'padukon 23A). Ykynan 6poj IL-17+ NK
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henuja je craructruku 3Hadajuo Behu kox Gal-3 KO muriesa y onnocy va WT Mmuriese, 72 carta
nakon wuHpekmmje MCMV-om (I'padpuxon 23B). Takohe, ykyman Opoj NK hemuja koje
excnpumupajy IL-10 je cratuctruku 3Hauajuo Behu y rpynu Gal-3 KO muiesa, 36 catu HakoH

undexuuje MCMV-om y nopehewmy ca rpynmom WT mumiea (I'paduxon 23B).

I'padukon 23
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I'padpuxon 23. Y jerpama unpuunupanux WT mumeBa cy Opojuuje unpuaamanujcke NK heauje ynmpkoc
YH-eHMIM 1 je omTeheme jeTpe uspaxenuje kox Gal-3 KO mumesa. MononykieapHe henmje cy aHam3npane
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METOJIOM HpoTOYHe nuTomerpuje 36 u 72 carta nocne undpexunje MCMV-om. TIpencraibeHe cy cpesiibe BpeIHOCTH
+ SE, 6 mummeBa 1o rpymu. (Student- t rect; *p<0.05).

Jla 6u ce uckspyumna yiaora NK henuja y Behiem omrehewy jerpe xon Gal-3 KO wmumiesa,
ananmmsupaiu cMo omteheme jerpe kog WT u Gal-3 KO murieBa HakoH MH(EKIMje MyTaHTHUM
cojem MCMV Bupyca (MCMVAm157), kojem Henocraje M157 mporenn koju aktuBupa NK
henuje. Undnamanujcku henujcku unduntpatu ce yodaBajy y TKupy jerpe unpuuupanux WT u
Gal-3 KO mumesa (Cnuka 6). Huje 6mimo pasnuke y BenuuuHu wHQUITpaTa u3Mmely oBe JBe
rpyre MUIIeBa, ajau Opoj MHUITpaTa je CTaTUCTUYKH 3HadajHo Behu kon nHpuuupanux Gal-3

KO mumesa (I'padukon 24).

Ciauka 6

& Galectin-3KO |2 AT ot

Cianka 6. Xucronomku uceynuun tkuBa jerpe WT m Gal-3 KO mumeBa 72 cara HakoH WH{eKuuje
MCMVAm157 supycom. WT u Gal-3 KO mumesn cy mudummpanu i.v. MCMVAmI57 Bupycom ca 2x10°
PFU/xuBotumu. TkuBo jerpe je ekctuprnupaHo 72 cara nocie nHdpekuuje MCMVAmMI157 Bupycom M uceduu cy
00jeHH TEXHUKOM XeMaTOKCHIMH-¢03KH. LIpHe cTpenuiie o3HavyaBajy uHpaamanujcke henujcke uaduarpare.

I'padpuxon 24
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I'paduxon 24. HNudaamanujckn hesmjckn uHpuiarparu cy OpojHuju y jerpu Gal-3 KO mumesa
uapunupannx MCMVAm157 supycom. bpoj unpnamanujckux nHGUITpara je npedpojaH u mpukasaH kao Opoj
uHpunTpara no nosey + SE. JegaH penpeseHTaTHBHU €KCIEPUMEHT, 5 mumieBa mo rpymu. (Student- t tect; ***p<
0.001).

4.13. Y jerpu Gal-3 KO MuuieBa je npucyTHO BUIlle BUpYycoM nHuuupannx heamja

Jla Ou ce y TKuBY jeTpe MOTBPAMJIO INPHCYCTBO henuja Koje Cy HMHQUIMpPAHE BUPYCOM, Yy
UceuluMa je JIeTEeKTOBAHO IMPHUCYCTBO HEMOCPEIHO PAHUX TI'€HAa MHIIjEr LUTOMErajoBHUpYyca.
Hceunm jerpe cy UMyHOXUCTOXEMUjCKU 000jeHn aHTH-IE1l anturenom. Kao mro je mpukazaHo
Ha Ciunm 7, y TkuBy jerpe Gal-3 KO mumeBa je youeHn Behu Opoj henuja m xemarouura u

henuja MOHOHYKJIeapHOT MHPUITpPATa KOj€ eKCIIPUMUPAjy aHTUT€H BUpYca.

Cauka 7

C57BL/6

G

Canka 7. HUmyHoxumcToxemMmjcko Oojeme Hcedaka TKHBa jeTpe. Penpe3eHTaTHMBHH IIpUMEpH eclpecHje
HETIOCPETHO paHOI reHa MUIjer nuTomeranoBupyca, |EL1, y TkuBy jerpe (Opaon 6oja), 72 cara HakOH HH(EKIHUje
MCMVAm157 Bupycom.

C o63upom Ha npeaxoauu Hana3z ga Gal-3 KO muiesu umajy Behu 6poj Bupycom uHGHUIIHPAHUX
henuja, skeneaw CMO Ja HCIMTaMO TUTAp BUpyca Yy pPa3JIMYMTAM OpPraHUMa PaHO HAKOH

uHoekyje. Kao mro je npukazano Ha ['padukony 25A, ouekrBaHU TUTAp BUpYca je MPUCYTaH y
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cnesunn WT murieBa 3 mana Hakon uHpeknuje Bupycom. Koa Gal-3 KO muireBa Hucy youeHe
OWTHE pa3luKe y BUPYCHOM THUTPY y cie3uHn y omHocy Ha WT wmwumeBe, 3 naHa HaKoOH
uHdekuuje Bupycom. [loctoju mosumienu tutap Bupyca y ruiyhuma Gal-3 KO mumeBa, amu
pa3iiuKe HHUCYy Owie CcTaTHCTHYKM 3HadajHe. Mehyrum, y jerpu Gal-3 KO wmwumieBa mocroju
CTAaTUCTUYKHU 3Ha4yajHO moBehame BupycHor Tutpa y nopehewy ca WT mumeBuma 3 gaHa HaKOH
uHbpekyje. BUpycHH TUTpU y CIIE3WHM HUCY JCTEKTOBaHM 8 JaHa TOcie MHQEKIHje, U3y3eB
HUcKor BupycHor tutpa ko jeanor Gal-3 KO muma (I'padukon 25B). V nunyhuma, jetpu u
IJbYBaYHUM JKJI€3/1aMa, JIETEKTOBAHU Cy BHPYCHU TUTPH, M HHUCY 3a0elexeHe CTaTUCTUYH

3Ha4ajHe paszinuke usmelhy oBe aBe rpyne muiiesa (I'padukon 255).

I'pa¢uxon 25
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I'paduxon 25. Gal-3 KO muuieBd uMajy nopuileHe TUTPe BUpyca paHo HakoH uHpexkuuje. WT u Gal-3 KO
MuIIeBH ¢y uHbuIEpany i.v. MCMVAmI57 Bupycom ca 2x10° PFU/xuBoTHEH. BHPYCHH THTPH Y T0jeIHHAYHAM
opranuMma cy onpehenn cranmapanum tectoMm miaka 3 naHa (A) u 8 nana (b) Hakon mHpekuuje. CBaka Tauka
NIPE/ICTaBIba M0jeJMHAYHY )KUBOTHIbY, & [IPTa NPE/ICTaBIba CPEIUIIBU TUTAP BUpPYCA.

4.14. Excnpecuja TNF-0 y xematoumtuma je mnoBehana kox Gal-3 KO wmumesa

nHpuuupannx MCMV-om

[Tomro cmo yrBpaminu ma moBehana mH(uamanuja u omreheme jerpe xkoa Gal-3 KO mumeBa

HUje nocneanna umemene akTuBHocTH NK henuja, y HacTaBKy HCTpakMBamba CMO aHATU3UPAIIH

76



ynory ¢aktopa Hekpose Tymopa anda (TNF-a). [Toznato je na TNF-a uma ynory y onbpanu of
nnpeknuje MCMV-om u Takohe mMoxxe mmatu ynory y omrehewmy TkuBa jerpe kogx MCMV
undekuuje (200). Takohe je mo3nato na curnanuzamuja ca TNF-o mokpehe Hekporntosy (237). Y
UMby Jajber pazjammaBama yiaore TNF-o konq omrehema TKUBa jeTpe, Ypaauidd CMO
UMYHOXHCTOXEMH]CKO Oojeme wuceyaka jerpe 36 u 72 cata nakoH MCMV undexunyje.
Excnpecuja TNF-o y xemarorutuma je ananuzupana Hakon MCMV undexnuje kon WT u Gal-3
KO wmumieBa. Xemarouutu Gal-3 KO murieBa Buie excripumupajy TNF-a 36 u 72 cara HakoH

MCMYV undexumje, y nopehemy ca xemarouuruma WT mumena (Crnuka 8).

Ciauka 8

Gal-3

S e

b

72h:

Canka 8. UmyHoxucroxemujcko ojeme mpemapara jerpe. TNF-o+ xenmaroumtn cy Opojuuju kon Gal-3 KO
mumieBa 36 catu u 72 cara HakoH HHpekje MCMV-om.

bpoj TNF-0 Mo3UTUBHUX XEMaTOIMTA je CTATHCTHYKH 3HauyajHo Behu kon mHpuumpanux Gal-3
KO mumesa y ongHocy Ha uHuuupane WT mumese, 36 u 72 cara HakoH nuHdpekuje MCMV-om

(T'padukon 26).
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I'paduxon 26
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I'paduxon 26. Bpoj TNF-0 no3uTUBHUX XeNaTOLHUTA je cTAaTUCTHYKHU 3Ha4yajHo Behu kox Gal-3 KO mumesa
36 m 72 cara nHakoH wuHpexmuje MCMV-om. Hceurm jerpe wuHUIMpaHUX MHIICBAa 00e Tpyme cy
UMYHOXUCTOXeMHUjCKH obojenn 36 u 72 cara mocne uHpekiuje MCMV-om. TNF-0 O3UTHBHHM XENMaToOLUTH CY
npebpojaHy y TEeT Pa3IMYUTHX 110Jba, a MOJAlU Cy MpHKa3aHu Kao cpeami 0poj TNF-o mo3uTHBHEX XemaTonuTa +
SE, 6 mumeBa no rpynu. (Student- t Tect; ***p<0.001).

Takohe, xonuentpamuja TNF-o y XoMOoreHaty TKHBa jeTpe je CTaTUCTHUYKM 3Ha4yajHO Beha y

rpynu Gal-3 KO muriesa, 72 cata nakon MCMV undexuuje (I'padukon 27).

I'paguxon 27
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I'paduxon 27. Y xomorenary jerpe mHpunupanux Gal-3 KO mumeBa craTucTHYKH je 3Ha4yajHo Beha
konnentpanuja TNF-a. Konnenrpamuja TNF-a y xomorenary Tkusa jerpe je onpehena ELISA meromom 72 cara
nmocie nHpeknuje MCMV-om. Tlomamu cy mpencraBibeHH Kao cpelma BpeqHocT koHneHTpanuje TNF-a + SD, 6
mumeBa 1o rpynu. (Student- t rect; *p<0.05).
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Hame, cratucTuuku 3HadajHo Behu mporeHar TNF-o+ xenmaTomura aHamu3upad MPOTOYHOM
uToMeTpujoM je mponahen y rpymu Gal-3 KO mumesa koju cy nnpuiupann MCMV-om 72
cara HakoH uHQekiyje, y nopehewy ca unpumppanum WT mumeBuma (I'padukon 28A). V
ckimany ca yiaorom NF-KB y npomosucamy excrnpecuje TNF-a u merose yiore y GyHKIHjama
Koje cy mocpemoBane TNF-a, craructuuku 3Havyajuo Behu mpouenar NF-KB+ xemarommra je
youen kon Gal-3 KO wumieBa, 72 cara nakon uH(pekiuje Bupycom (I'padukon 28B). OBu
pesynratu cyrepuiry na Beha excrpecuja TNF-o y xematonutuma Moxke OUTH y3pok moBehane

CMPTH Xernaronura koja je uaaykosana MCMV-om y rpynu Gal-3 KO mumiega.

I'pa¢uxon 28
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I'paduxon 28. Gal-3 KO mumeBu umajy crarucruuku 3ua4yajao sehu npouenar TNF-o+ xenarouura u NF-
kB+ xenatomura 72 cara HakoH uHpexkuuje MCMYV-om. [Iponierar TNF-a+ u NF-kB+ xenarommra je onpehen
MIPOTOYHOM UTOMETpHjoM 72 cata HakoH uHpekuuje MCMV -om. [Tomamu cy npencTaB/beHN Kao Cpemha BPEIHOCT
TNF-o+ xenarormra u NF-kB+ xemaronurat SE, 6 mumiesa mo rpymu. (Student- t tect; ***p <0.001).

4.15. lepnuujeHnmja reHa 3a raJieKTHH-3 He YTHYE HA 3aCTYIJbeHOCT AeHApPUTCKHX henuja
u makpogara koju caap:xke TNF-a, a cmamyje mpouenat oBux henuja koje caapaxe IL-10 y

jeTpu MHpUUUPaAHUX MUIIEBA

Kako 6u ce mcrmrano ga i je Beha ekcnpecuja TNF-a y xemaroruruma nadunupannx Gal-3
KO wmumea mpahena u Behom 3actymsbeHomnthy mujenonmnux henuja koje camapke TNF-a,
aHAJM3UPaH je MPOTOYHOM IUTOMETPHUjoM MporeHaT u Opoj aeHaputckux CDI1lc+ henuja u
Mmakpocgara, F4/80+, koje excnpumupajy TNF-a y jerpu WT u Gal-3 KO 36 u 72 cara nocie

MCMV undexumje. Kao mro ce Buaum Ha rpa@ukoHy 29 Hema pasiuKke y MPOLEHTY U
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anostyTHoM Opojy aenaputckux hemmja (I'padukon 29A) u makpodara (I'paduxon 29b) koje

caapxxe TNF-o vu 36, Hu 72 cata nocie MCMV unbekmmje.

I'padpuxon 29
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I'pajguxon 29. Hema pa3jiuke y NPOLEHTY W amncoJyTHOM O0pojy aeHaputTckux heamja m makpodara xoju
excipumupajy TNF-a y jerpama unpunupannx WT u Gal-3 KO mumeBa. MeTogoM NpoTOYHE LIUTOMETPHjE
cy aHanmm3upaHe MoHOHyKkieapHe hemuje 36 n 72 cara HakoH nHdpekuuje MCMV-om. pencraBibene cy cpeame
Bpennocty + SE mponenra u ykynHor 6poja CD11lc+ nenapurckux henuja koju excnpumupajy TNF-o u F4/80+
Makpodara koju ekcripumupajy TNF-a, 6 mumiesa mo rpymu. (Student- t rect; *p<0.05).

Jlajbe je aHamM3WpaH MPOIICHAT W allCONyTHH Opoj MeHApUTCKHX henmmja m makpodara Koje
excripumupajy antuuHpiaamanujcku 1utokuH IL-10. Ilponenar u amcomytau 6poj IL-10+
NeHApUTCKuX henuja je cratucTuyku 3HavyajHo Behu y rpynmu WT mumeBa y mopehemy ca
rpynom Gal-3 KO wmwmmeBa 36 caru mnocie wunpekuuje MCMV-om (I'paduxon 30A).
CraTucThdka 3HAYajHOCT OBE Pa3JIMKe ce Tyom 72 carta mocie WHPEKIHje W TaJa je MPOICHAT
oux henuja nHemro Behu y rpynu Gal-3 KO mumesa (I'padukon 30A). IIponenar makpodara
koju excnpumupajy IL-10 y jerpu je Behm xonx WT mumesa (I'paduxon 30b) u 36 u 72 cara
nocie BupycHe uHpekuje y nopehemwy ca rpynom Gal-3 KO mumesa. Anconytau 6poj IL-
10+F4/80+ henuja y jetpu je cratuctuuku 3Ha4dajHo Behu y rpynu WT muinesa y nopehemy ca

rpynom Gal-3 KO mumeBa 72 cara HakoH uHdekiuje MCMV-om (I'padukon 30B).

I'padpuxon 30
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I'pajpuxon 30. [depuuujeHuuja rajeKTuHa-3 3HAYAjHO CMambyje NpoueHAT M Opoj peryJaTopHUX
neHapuTckux hesmja m makpodara y jerpu mumeBa nnpunupanux MCMV-om. MononykieapHe henuje cy
aHaM3MpaHe METOJIOM NpOTO4YHEe 1uTOMeTpuje 36 m 72 cara HakoH uHOekiuje MCMV-om. Ilpencrasibene cy
cpeamwe BpeaHoctu + SE mponenTta u ykymnHor Opoja CD1lc+ nenapurckux henuja xoje excnpumupajy 1L-10 n
F4/80+ makpodara koju excipumupajy 1L-10, 6 mumesa no rpymu. (Student- t rect; *p<0.05).

4.16. Unxudnuuja BesuBamwa TNF-a yoaxxaBa xemarutuc unaykosan MCMYV-om

Ha 6u ce motBpamna ynora TNF-o y omrehewmy TkuBa jetpe HakoH uHpekmuje MCMV-owm,
TNF-a je ¢gapmakonomky MHXUOMpaH mpuMeHOM HHGpIMKcMMaba jedaH caT mpe HH(peKuuje

MCMV-om. Ilperperman wunpmukcumadom Gal-3 KO wmwumesa wunduuupannx MCMV-om
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3HauYajHO je cMamuo HuHGuamanujy u Hekpody jerpe (Cimmkxa 9 u I'paduxon 31A u 31B).
HNudnamanujckn 1 Hekpotuuku ¢okycu cy Behn y jerpu Gal-3 KO mumesa mHpuumpanux
MCMV-om y nopehewy ca rpynom Gal-3 KO muieBa koj KOjux je IpUMEHEH WHPIUKCHMA0

npe unpexrje MCMV-om (Cinka 9).

Ciauka 9

WT xourtpoJa Gal-3 KO KOHTPOJIa

- X ‘ s’ :
Gal-3 KO+MCMV+infliximab

Gal-3 KV

YAt
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Cauxka 9. Baokana TNF-o cmamyje nndaamanujy u Hekpo3y jerpe koa Gal-3 KO mumeBa nHGuuupanux
MCMV-om. WT u Gal-3 KO mumesn cy unudurupans i.p. MCMV-om ca 1x10° PFU/xuBOTHISH. XHMEPHUIHO
MOHOKJIOHCKO aHTHTENO0, HHOJIUKCHMA0 je puMemkeH y 103U o1 5 mg/kg i.p. jeman cat npe undpeknmje MCMV -om.
MuieBu cy KpTBoBaHU 48 caTh HaKOH MH(QEKIHje, eKCTUPIHUPAHO je TKUBO JeTpe M MCEULH Cy 00jeHHM TEXHHKOM
XeMaTOKCHIMH-€03UH. L[pHe cTpenmune HarjamiaBajy HEKPOTHYHA T1I0Jba, a Oejie CTpenuue ykasyjy Ha
uH}pamMaImjcke hoxyce.
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I'paduxon 31
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I'padukon 31. Biokaga TNF-a cmamyje 0poj nHpaamanujckux n HeKpoTHYHMX (okyca y jerpu Gal-3 KO
mumeBa nHpunupannx MCMV-om. bpoj nnpnamanujckux ¥ HEKpOTHYHUX (oKyca je nmpedpojaBaH U MpHKa3aH
je kao 6poj pokyca no uceuky + SE. Jeman penpe3eHTaTHBHHE €KCIIEPUMEHT, 5 MuieBa mo rpynu. (Student- t tect;
skokok

p<0.001).

Takohe, Onokaga TNF-o npe unpexkunje MCMV-oM craTucTuuku je yTuiaga Ha 3HA4ajHO
cMmameme KoHleHTpanuje ALT-a y cepymy y rpymu Gal-3 KO mumesa (I'padukon 32). biokana
TNF-0 mpe MCMV wundexuje HUje yTulana Ha BeIHYNHY HH(DIAMANHjCKAX 1M0Jha U HEKPO3y

jerpe y rpymu WT wmumeBa (Cnuka 9, I'papukon 31A u 31B). braaxku xemartutuc u3a3BaH

84



MCMV-om y rpynu Gal-3 KO mumieBa tpetupanux uHGIHKCHMaOoM moaprkasa yinory TNF-a y

TexxeM 00oJbery Koa Gal-3 neduiinjeHTHUX KUBOTHEbA.

I'pa¢uxon 32
100 - N
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S
~ 50 A T
|_
=
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O - T T 1
Gal-3 KO MCMV Gal-3 KO ral.2 kN
MCMV+Infliximab KOHTpona

I'padpuxon 32. Tperupamwe Gal-3 KO mumeBa undumkcumadoM npe uHpeKnHje HUTOMErajoBHPYCOM
cMamyje KouueHtpauujy ALT y cepymy. Konmentpammje eH3mMa jerpe y cepymMy cy ozpehuBaHe
KOJIOpUMETPHjCKOM MeToaoM 48 catu HakoH mHpekmuje MCMV-om. Tlpencrasipena je cpemma BpenHocT ALT +
SE, 5 mumera no rpynu. (Student- t Tect; ***p<0.001).

4.20. Erzorenn rajekTuH-3 yoJjaxapa omreheme jerpe koje je nzazsano MCMV-om

Jla OMcMO TOTBPIMIIM 3aIITHTHY YJIOTY TaJleKTHHA-3 y XEeNaTUTUCY Koju je mHaykoBaH MCMV-
OM U J1a 6ucMo yTBpAWIN ederaT NpuMeHe peKOMOMHAHTHOT TaJleKTHHA-3 Ha MaTOTeHE3Yy OBe
00J1eCTH, MULIIEBUMA CMO MHTPANEepUTOHEATHO AIUTMKOBAIN PEKOMOMHAHTHU T'aJIeKTHUH-3 y 103U
on 50ug/ml nBa cara npe unpexuje. [[pumena pekoOMOMHAHTHOT TaJeKTUHA-3 HUj€ yTUIlAJIa HA
BEJIMYMHY M0Jba MHpIaManuje u Hekpose y jerpu WT mumesa (Cruka 10). Gal-3 KO murnieu
TPETUPAHU PEKOMOMHAHTHUM TaJIeKTUHOM-3 CY UMaJId Mamke BPETHOCTH XUCTOJOUIKUX CKOPOBa

HeKkpose U uHpaamanuje, 72 cara HakoH MCMV undexuyje (I'paduxon 33).
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Cauka 10
WT MCMV

Cauka 10. Erzorenn rajexktu-3 yonaxasa xematutuc uzazpan MCMV-om. WT u Gal-3 KO wmumieu cy
urdumpann i.p. MCMV-om ca 1x10° PFU/kuBoTHESH. PeKOMOMHAHTHH TaleKTHH-3 je NMPHMEHEH y 103 Of
S50pg/ml ip nmBa cara npe uHdpekuuje MCMV-om. MuiieBd cy XpTBOBaHM 72 caTa HakoH HUH(DeKIyje,
EKCTHUPIIUPAHO je TKHBO jeTpe U UCEYIM Cy 0O0jeHM TEeXHHKOM XeMaTOKCWIIMH-e03uH. LIpHe cTpesuile Harnamasajy
HEKPOTHYHA I10Jba, a Oelie CTpeluile yKa3yjy Ha nHpIaManujcke Gokyce.
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I'paduxon 33

5 - OHekpo3a
BuHdnamaumja
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Cpenwa BpegHoCT
XUCTONOLLKOr CKopa

WT MCMV WT MCMV KO MCMV KO MCMV
rGal-3 rGal-3

I'paduxon 33. [Ipumena pekoOMOMHAHTHOT rajekTuHa-3 npe uHdpexuuje MCMV-om cmamyje uHPIamManujy
u Hekpo3sy y jerpu Gal-3 KO mumesa. Jerpa je excrupnupana 72 cata HakoH uHpekuuje MCMYV-om, ucediu cy
00jeHH TEXHHKOM XEMAaTOKCHIIMH-¢03uH. IIpefcTaB/beH je XHUCTOJIOMIKKA CKOp M3 2 OJ[BOjeHa CGKCIepuMEHTa ca 8
MHUIIEBA [0 TPYIIHU.

Takohe, y jerpu Gal-3 KO wmwumieBa TpeTHpaHUX PEKOMOWHAHTHHM TaJeKTHHOM-3 Tpe
MHQEKIMje UTOMETaJIOBUPYCOM je 3alelie)keH Mamu Opoj MH(IaMalNMjCKUX M HEKPOTUYHUX
¢dokyca no uceuky (I'paduxon 34A u 34b). TpermMaH peKOMOMHAHTHHUM TaJICKTUHOM-3 HUje
npoMeHuo 6poj mH¢praamanujckux ¢okyca y jerpu WT Mmumesa, anu je yrunao Ha nosehame
BelMMuMHe ¢okyca mro ce youaBa u Ha Ciunu 10, 6ene crpenuie. Mawmbu 6poj HEKPOTUUHHUX
noJjba je youen y jerpama Gal-3 KO muimeBa Tperupanux npe WHOEKIHje PEeKOMOMHAHTHUM
rajekTuHoM-3, y nopehewy ca Gal-3 KO mumesumMa koju cy camo unpuimpann MCMV-om
(Cmuka 10, upue ctpenuiie). bmaxa 6onect koxm Gal-3 KO wmwumeBa TpeTHpaHHX
PEKOMOMHAHTHUM TaJIeKTUHOM-3 TOTBphyje 3alITUTHY YJIOTy TaJeKTHHa-3 y XeMaTUTHCY

naaykoBanom MCMV-om.
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I'paduxon 34
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I'paduxon 34. IlpumeHa peKOMOMHAHTHOI TaJIeKTHHA-3 cMamyje 0poj MH(IAMALMjCKUX U HEKPOTHYHHX
¢dokyca y jerpu Gal-3 KO mumena unpunupannx MCMV-om. bpoj nHpmamanmjckux U HEKPOTHIHUX POKyca
je mpebpojaH u mpuKa3aH je kao 0poj (oxyca mo uceuky + SE. Jenan penpe3eHTaTHBHU SKCIIEPHMEHT, § MHIIICBA I10
rpymu. (Student- t rect; *p< 0.05).

4.21. Uuxuburop rajgekruna-3 (Gal-3INH) 3nauajuo nosehaBa Hekpo3sy jerpe kogx WT

MuieBa HakoH nH$eknuje MCMV-om

HakoHn mto je moka3zaHo Ja rajekTHH-3 MOKe J1€JI0BAaTH IMPOTEKTUBHO Y MOJENY XermaTHUTHCa
n3azpaHor MCMV-oM, y gajbeM HCTpaXHBamy j€ aHAIM3MPAHO Jla JU ynoTpeda MHXuOUTOpa
ranekTuHa-3 Moxke mosehatu omreheme jerpe. Kako Ou ce uctpaxkuo edexaT MHXUOHTOpA
raJleKTHHA-3 Ha TOK Xematutuca nocie uHpekmme MCMV-om, WT mumeBnma je armkoBaH
Gal-3INH wHTpaneputoneanno y no3u oa 300ug, nsa cata mpe MCMV  wunbekmmje.
XUCTONOIIKK MapameTpu Oosiectu mpahenu cy y rpynu uHpummpanux WT muineBa Koju cy
IPUMWIA MHXUOUTOp rajiekTuHa-3 u ynopehusanu cy ca rpynom WT mwuimeBa koju cy camo
unpunupanu MCMV-om. V jerpama WT mumesa nnpuuupanux MCMV-oM u TperupaHux

MHXUOUTOPOM rajieKTuHa 3 je neTekToBaHo 3HavajHO Behe omreheme jerpe (Ciuka 11).

88



Ciauka 11

WT MCMV
+Gal-3INH

Cumnka 11. Muxudurop rajexktuna-3 3Havyajuno nosehaBa nekpo3sy jerpe koaq WT muineBa HakoH UHpeKIHje
MCMV-om. WT muuresu cy urduupanu i.p. MCMV-om ca 1x10° PFU/xuBotumu. Gal-3INH je npumemes y
mo3u on 300ug i.p aBa cara mpe uHbekiupje MCMV-oMm. MuilieBu Cy XpTBOBaHHM 72 caTa HaKOH HHQEKIH]E,
EKCTUPTIUPAHO je TKHBO jeTpe M HUCEUIH CY 0OjeHH TEXHHKOM XEMAaTOKCHIIMH-e03uH. LIpHe cTperniie Harmamasajy
HEKPOTHYHA I10Jba, a Oelie CTPEIUIle yKa3yjy Ha HHpIamanujcke Gpokyce.

Cpenme BpeTHOCTH XUCTOJIOMIKMX CKOPOBAa HEKpo3e W MHGIIaMaluje y jeTpu cy 72 caTa HaKOH
undpekuje MCMV-om Behe y rpymu WT wmumieBa tpetupanux Gal-3INH npe unbekimje
(I'padukon 35A). IMpumena Gal-3INH mpe undekiuje Huje yrunana Ha 6poj uHOIAMAIIN]CKUX
¢doxyca y jerpu WT wmmumeBa 72 cara mocie MCMV wundekuuje (I'paduxon 35B), amu je

3HAUYajHO CMamMiIa Opoj HeKpoTHUKHX (okyca mo uceuky (I'padukon 35B).
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I'pa¢uxon 35
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I'paguxon 35. Ilpumena Gal-3INH je 3Hauajno nosehana 6poj nHexkporuuHux goxyca y jerpp WT muumieBa
uHpuumpanux MCMV-om. Tkuso jerpe WT mumieBa je excrupnupano 72 cata mnocie nHdpekunje MCMV-om,
uce4yny cy 0OjeHH TEXHHKOM XeMaTOKCHIIMH-€03MH. [Ipe/cTaBibeH je XMCTOJIOMIKH CKOp 33 8§ MMIIEBA MO TPYIIH.
Bpoj nadnamanujckux u HeKpoTHIHHUX (oKyca je mpedpojaH U MpHuKa3aH kKao Opoj gokyca mo uceuky + SE. Jeman
penpe3eHTaTHBHU eKCIIepUMeEHT, 8 Muiiesa o rpymnu. (Student- t tect; ***p< 0.001).
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5. TMCKYCHJA

5.1. MCMYV undpexuuja noropmasa EAE-a kox Gal-3 KO muiesa

BupycHa uHpekuja ce cMaTpa jeJHUM Of TJaBHUX ETHOJOMIKMX YMHHUJIAIA KOJH YTHUy Ha
pa3Boj MyNTHIUIE CKJIepo3e. 3a pa3Boj MYATHIUIC CKJIepo3e ce Hajuenthe Be3yjy BUPYCH H3
damunuje Herpetoviridae, a mocedbno Epstein-Barr supyc m Cytomegalovirus (145, 238).
[TocToje cympoTHH mMoOAamM O YAPYKEHOCTH HHQEKIHje IUTOMETAIOBHPYCOM W MYJITHILIE
ckiepo3e. Enmmpemuonomku momanu koju ykadyjy ma CMV umma ynory y eTHONaTOreHe3u
MYJATHIUIE ckiiepo3e cy ockynuu. [lokazano je ma cy tutpu IgG anTHTEna crnenuuuHuX 3a
anturedse u JIHK mwmromeramoBupyca mnoBehanu kox o0omenux oJ MYJITHIUIE CKJIEpO3e,
ykasyjyhu Ha ynory CMV y pa3Bojy myntuiuie ckiepose (186). CeponozutuBHocT Ha CMV je
noBe3aHa ca BehuMm OpojeM pernarca U ca IPOTPEeCcHjoM 10 KIMHUYKH JIeHUHUTHBHE MYITHUILIC
ckiiepose (187). IlpucyctBo antutena Ha CMV je takole moBe3aHo ca U3paKEHH]jOM aTpOpHjoM

CHMBE Mace M I[eJIOr MO3ra KOJI MalijeHara ca MyJITHILIOM ckiepo3om (188).

Hpyre crynuje yka3yjy Ha 3amTutHU edekat nHpekuuje CMV-om y ayrouMmyHckuM OoJecTuma.
CMV komupa Buire (aktopa koju mokpehy MMyHOMOIYJIATOPHE MEXaHW3ME W MEXaHH3MeE
n30eraBama IMYHCKOT crcTeMa qoMahuHa, mro OM MOTJIO Aa yTU4e Ha ONIITY UMYHOCYIPECH]Y
Ko obosenux on MynTuiuie ckiepose (186, 189). Besa usmel)y Tutapa antutena creruduuHUX
3a CMV u 6osber KIMHUYKOT Ucxo/a je nmpuMehena y rpymu o0oyieTux o MYJITHUILIE CKIIEPO3eE.
VY rpynu ucnuTaHUKa KOjU Cy UMAJIA aHTUTENA Ha IIATOMETAIIOBUPYC y CEpyMy 3a0elexeHH Cy
Mama arpoduja mo3ra u kpahu penancu (190). Pezynratu apyrux cryamja Cy MOKasaid Ja
pUcycTBO aHTUTena crenupuunux 3a CMV y cepymy cMmamyje pU3MK 0]l pa3Boja MYJITHILIE

ckiiepose (191).

VY mozaeny undexuuje TajaepoBuM BUpycoM Mulljer eHuedatomujenutca, uapexnuja MCMV-
oM e Hezaesbe npe TMEV undekuuje yruue Ha 00Jbe MOTOPHYKE CHOCOOHOCTH MHMILIEBA U
Mamwy HHuITpanujy mo3ra T mumdoruruma (189). Pesynratu oBe cryauje ykasyjy na MCMV
uHpekuuja aenyje nporekTuBHO y mozeny EAE wmza3BaHor apyrom BHPYCHOM HH(DEKIIH]OM.
Mehyrtum nomaumm o yrunajy MCMV wundexnuje Ha Tok EAE wu3a3BaHor mMyHuzanujom
aHTUTeHMMa MujenuHa cy Jpyraunju. HWedexumja MCMV-om BABL/c mumeBa mpe
umyHuzanuje nentugoM MOGss.s5 Tpekuaa pe3ucTeHInjy OBUX MuIleBa Ha MHAYKuH]y EAE

(222). Taxohe mperxoaHa MHMEKIUja UTOMEraJOBUpycOM MojayaBa Manudecranuje EAE kon
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C57BL/6 mumeBa umynusoBanux nentuaoM MOGss.ss (226). YV ckiaany ca Hagazuma MOCIEIbe
JIBE CTYIH]j€ j€ W pe3yaTaT Ja MPeTXo/Ha WH(]EKIHMja MUTOMEraIOBUPYCOM yTHYE Ha moBehame
BPEIHOCTH CPEAEr KIMHUYKOT cKopa onx 15. mana nakoH umyHusamuje (I'paduxon 1A) u

noBehaBa cpenmwy BpeaHocT xucronomkor ckopa (I'padukon 1b).

EdexTu ranektrHa-3 Ha nH(IIaManujcke 00JIECTH Cy Pa3IMUUTH YaK B Y UCTO] OOJIECTH U 3aBHCE
0]l MMYHOIIATOT€HETCKOT MeXaHH3Ma KOjU MMa JOMUHAHTHY YJIOTY Yy HojequHuM (azama
oonectu (239), WK y pa3iIuuuTO MHIYKOBAaHMM EKCIIEPHMMEHTATHUM Mozeauma Oonectu (234,
240). l'anekTrH-3 UMa 3aMTUTHY YJIOTY Y aHUMAITHOM MOJIey omTehemha MUOKap/ia H3a3BaHOM
undpekujom C57BL/6 mumeBa kokcaku Bupycom B3 (241). Melhyrum y moaeny oprad
cneuupuyne ayrommyHcke Oonectn, EAE wu3asBanor mmynmzammjom nentuaoM MOGss ss
rajexkTiH-3 uMa mnpouHdmamanujcku edexar. Gal-3 nedunujeHTHH MHIIEBH WMYHHU30BaHH
AHTUTEHOM MHUjeliHa pa3Buin cy cinadbujy popmy EAE (101). Pesyaratu oBe cTy/uje MoKasyjy
na uadeknuja MCMV-om noropimiaBa kinHu4ke U xucronomike Manudecranuje EAE xon Gal-3
KO mumesa (I'padukon 1A), uzjeqnayaBajyhu ux ca rpynom umyan3oBanux Gal-3 mo3uTuBHUX
mumesa. Gal-3 KO mumiesn uaduippann MCMV-om nipe umynuzanuje nentuaoM MOGss.ss
pa3Bujajy tunuyHe kianHuuke 3Hake EAE-a, ca cpenmum BpeaHOCTHMA Cpeamber KIMHHYKOT
CKOpa BeoMa CIMYHUM Kao koA ocetsbuBux WT mumesa (I'paduxon 1A). Mudekuuja Bupycom
pe UWMYyHH3alMje aHTHICHOM MHUjeIMHAa 3HAYajHO j€ YTUIAla Ha Pa3BOj 3HAYAjHOT
uH(pIamManujcKor HHQUITpaTa MEPUBACKyJIApHO U Cy0apaxHOUJAIHO Ca LIMPEHEM y MapeHXUM

mosra y rpynu Gal-3 KO mumesa (Crwuka 1).

OBaj pesynTar ykaszyje na mpeTxoiHa HHQEKIHja IIMTOMETAaTIOBUPYCOM MOXKE Ja MOJACTaKHE
aKTUBAIM]y ayTOPEAKTHBHOT KIIOHA/KJIOHOBA W Y WHIWUBHIyaMa KOje Cy Mame CKJIOHE pa3Bojy

ayTOMMYHCKe OoNiecTH U Tako moBeha pu3HK oJ] pa3Boja OOJIECTH.

5.2. Ilperxonna MCMV undexknmja cMamyje 3acTyn/bHOCT npounpaamanujckux CD4+ T

aum@ponuta y mo3ry WT u Gal-3 KO mumeBa umynuszoBanux nentuioM MOGss.ss

VY mnarorene3u EAE kibyuny ymory wrpajy Thl u Thl7 numdoruru (242, 243). ¥ IIHC-y
KUBOTUHA KojuMa je uHaykoBaH EAE ce namasu Benuku mpoueHaT Thl numdonura xoju
nponykyjy IFN-y (244, 245) xoju aktuBupa makpodare, henmje Koje Urpajy Haj3HaYajHUjy yIOTY
y pa3Bojy undnamaruje y [IHC-y (246). Ha 3nauaj Th1 numdonura y narorenesu EAE ykazanmm

Cy eKCIIEpUMEHTH ca MHIIIEBUMa ca Jenenujom reHa 3a IL-12p40 cy6jequnuily koja je OutHa 3a
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nonapusanijy T nmumdormra y mpasiy Thl, xoju cy pesucteHTHH Ha pa3Boj EAE (247).
Mehytum, y npyruMm cryadjama je TokazaHo na cy mwumieBu 6e3 rena IFN-y m STATI,
TPAHCKPUIIIIMOHOT (pakTopa Kiby4dHOT 3a pa3Boj Thl mumdonwmra, pazswim Texu EAE, mro
yka3yje aa u apyre henuje umajy ynory y narorenesu EAE-a (248). Jlpyre cryauje ykasyjy aa
cy Th17 henuje 3a unju je pa3Boj HeonxoaHO pucycTBO I1L-23 1 RORYt, KJbyuHE Y HHIIUjATHUM
norahajuma y marorenesu EAE (249). IL-17 xojer cekperyjy Thl7 numdoruru npuBiadu u
aKTHBUpa HeEyTpoduie M HapyllaBa IepMeaOMIHOCT KpBHO-MoxaaHe Oapujepe (250). Ose
hemnje cunternmy IL-21, IL-22, ¢akrop crumynanmje TpaHYIOHUTHUX M MakpodarHux
kosonuja (GM-CSF) koju crumynuine henuje Koje mMpe3eHTyjy aHTUreHe Aa cekperyjy 1L-23

(251). Tlokazano je na mpumMeHa antu-1L-17 anturena cmamyje Texxuny EAE-a (252).

Viora ranektuna-3 y Th1/Th2 u Th1l7 nonapusanuju je KOHTpoBep3Ha. TOKOM Mapa3uTapHUX
uHpeknrja, cMambeHa uHdIamanyja je mopesana ca nojadanuM Thl oxrosopom kon Gal-3 KO
mumiea (253). HacympoT ToMe, MoKa3aHo je Ja rajJeKTuH-3 cMambyje ekcrpecHjy rena 3a IL-5
(254). Gal-3 KO muiesu paspujajy Hopmanan Th2 oarosop u umajy Behe xonuenrpanuje 1gG1
y cepyMy HakOH MH(EKIHMje MHTECTHHAIHMM HEMAarojaMa W IIMCTO30MHja3oM y mopehemy ca
rajiekThH-3 no3utuBHUM MuiieBuma (255). Cnabuju EAE kon Gal-3 KO muiiesa je yapyxeH ca
cnabujom mpoaykiujom IFN-y u IL-17 (101). Behu nporenar Th17 henuja koje nmpoaykyjy IL-
17 xonm ranekTWH-3 TO3UTHBHHUX MUIIEBa y Topehemy ca ranekTHH-3 aeuIrjeHTHUM

MUILEBUMA j€ TIOKa3aH y pa3InuuTHM ayTOUMYHCKHM Oonectuma (234, 256, 257).

VY 0BOj CTynuju je MOKa3aHO Jla OJCYCTBO TaJieKTHHA-3 cMamyje MpOLeHaT MH(IaMalnjCKux
IFN-y u IL-17 no3utuBHuX tuMdonuTa. Ilperxonna nudeknuja nuroMmeranioBupycom nosehasa
Opoj u cratucTHuky 3Ha4ajHo moeehasa npoueHar CD4+ T nmumdornura y [THC-y y rpynu Gal-3
KO wmmumreBa wmyHuzoBanux nentuaoM MOGssss (Ipaduxkon 2A). V rpynu WT wmumieBa
uHOEeKIja Ipe UMyHHU3aIje He yTHYe Ha MpOoLeHTyalHy 3acTymsbeHocT CD4+ T mumdonura y
nnpunrpatuma y [IHC-y, a cmamyje anconytan O0poj oBux hemuja (I'paduxon 2A). IlponeHar u
ykynad 6poj CD4+ T numdounra koju ekcnpumupajy IFN-y y undunrparuma y IHHC-y je
3Ha4yajHo MamK y rpynama WT u Gal-3 KO mumieBa nHpUUIMpaHUX BUPYCOM IIpe UMYHHU3AIH]je
nentugoM MOGgs.ss y mopehemy ca rpynama WT u Gal-3 KO mumieBa xoju cy HIMyHH30BaHU
camo nentuoM MOGss.s5 (I'padukon 25). MCMV unpeknmja npe MMyHH3aNHje MENTHIOM
MOGg3s.55 cMamyje 1 mporeHaT u ykymnaH 0poj IL-17+ CD4+ T mumdponmra u TNF-a+ CD4+ T
mamponuta y IIHC-y u WT u Gal-3 KO mumesa (I'paduxon 2B u 2T).
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5.3. MCMV undeknuja npe nmyHuzanuje nentuaoM MOGss.ss nmoBehaBa 3actyn/beHoCT

npoundaamanujckux CD8+ T sumdponura y mosry Gal-3 gedpuuujeHTHUX MHUIIeBa

[MTo3nato je na CD8+ T nmumdoruru nmajy natoreny ynory y EAE-y (258). CD8+T numdornutu
M30JI0BaHU M3 MMYHHM30BaHHX JKHBOTHIbA, MOTY Y3POKOBAaTH JEMHjEIMHHU3ALM]Y KOJ MPHUMaona
(259). Uako je ommre npuxaheHo na meHTpanHy yiaory y marorenesu EAE wurpajy CD4+ T
muM@oruTH nokasaHo je aa u CD8+ T numdoruT camocTanHO MOTY J1a TOKPEHY ayTOMMYHCKH

poIieC U Jia u3a30By OJar oonuk 6onectu (260).

VY oBOj cTynuju je mokazano na uHpeknuja MCMV-om npe umyHnsanuje nentugoMm MOGss ss
yTU4e Ha MopacT 3actymbeHoctd uHpnamanujckux CD8+ T numdornura y uHpuITpaTUMa y
I[MHC-y WT u Gal-3 KO wmumesa (I'padpuxon 3A). Ilpouenar CD8+ T ammdponurta Koju
excripumupajy IFN-y je cratucriuku 3Hadajuo Behn y HHC-y unpunupanux Gal-3 KO muresa
umyHn3oBanux nentuaoM MOGss.ss y mopehemy ca Gal-3 KO mumeBriMa HMyHH30BaHHM CaMO
nentugioM MOGgs.ss (Ipadukon 3B). Ipounenar u ykynan 6poj CD8+ T numdonura xoju
excnpumupajy 1L-17 u npouenat u 6poj oBux henuja xoje excripumupajy TNF-a je craTrucTnaku
3nauajHo Behu y [IHC-y Gal-3 KO mumieBa unduimpanux npe umynusaiyje nentuaom MOGss.
55 y mopehewy ca rpymom Gal-3 KO wuiieBa mmynuzoBanux camo mentugoM MOGss.ss
(I'paduxon 3B u 3T). [Ipouenar u ykynan 6poj CD8+ T numdonura koju excripumupajy TNF-a
je Behu m y HHHC-y WT mumeBa umnpunmpannx npe umyHmzanuje nentugoM MOGssss y
nopehewy ca WT mumeBuma umynuzoBanux nentugoM MOGssss (I'paduxon 3IN). Taxobe je
Moka3aHo nocrojame Beher mporenta u 6poja nurorokcuukux CD8+ T numdponura y HHC-y
unuimpanux Gal-3 KO mumesa koju cy umynusoBanu nentugoMm MOGssss y nopehemy ca
Gal-3 KO mumeuma umyHu3oBanuM camo mentuaoM MOGssss (I'padukon 4A u 46). OBu
pe3yaTatu cy y CKJaly HNPeTXOAHHMM Haja3uma Ja MH(]eKnHja muToMeraitoBupycom nosehasa
3aCTYIJbEHOCT HMHGuaManujckux u nutoautuykux CD8+ numdonuTa y MO3ry MHUIIEBA
umyHH30BaHuX nenTuaoM MOGss.ss (222). Cnnuno, nojauambe EAE xon C57BL/6 mumeBa koju
cy wuHunmupanu YHV-68 yrapyxkeHo je ca UHOWITpAIMjOM MOXKIAHOT MapeHXuMa

UTOIUTHYKKM U HH(pIamanujckum CD8+ mumdoruruma (261).

94



5.4. Uudexuuja nmuromerajsoBupycoM mnpe umynuszanumje nentuaoM MOGssss yrude Ha

nosehamwe nmpoueHTa KJiIacu4Ho aktupupanux makpogara y IHC-y Gal-3 KO mumeBa

Excnpecuja ranekruna-3 je moBehaHa y MUKpOTJIMjH U Makpodaruma y KHYMEHO] MOXIUHU U
ONTHYKAM HEpBUMAa MHUIIEBA Ca HHAYKOBAaHMM EKCIEPHUMEHTAIHUM ayTOMMYHCKUM
eanedatomujenutiucom (131). Kao oaroBop Ha wuHGIaMaIMjCKE CTUMYIYCE, MHKPOIJIHja
CEeKpeTyje TaleKTHH-3 Koju jaeiyje kao enporenu yumrany 3a TLR-4. [anektun-3 ydectByje y
akTHBanMju npouH(piaamanujckor M1 ¢eHoTHma MHUKpOriaMjamHUX henwja ¥ Ha Taj HAYMH
npomoBuiie Heypourdiaamaiujy (132). ITokasano je ga cucremcka MCMV uH(ekmmja 3Ha4ajHO
noBehaBa Opoj henuja kKoje MMajy KapakKTEpUCTHKE aKTUBHPAHE MUKPOIJIMjE M TO JOMHHAHTHO
M1 denorun (262). YV neypounduamanuju mukpornuja ekcripumupa MHC monekyre 11 kinace,
KOCTUMYJIATOPHE MOJICKYJIC M CTUMYJIHILIE MPOAYKIHjy nutokuHa y T mumdonuruma (263). Y
CKJIaJy Ca IPETXOJHO HABEJICHUM Hala30M Ja HMH(EKIHMja IIMTOMETraJOBHPYCOM MOACTHYE
KJIACUYHY aKTHUBAllM]y MHKpOTIIMje je M pe3yaTaT OBe CTyAuje KOjU TMoKa3yje na HHeKIuja
MCMV-om mnpe wumynuzammje nentuaoMm MOGssss moehaBa mporeHar W yKyman Opoj
Makpodara Koju eKCIpuMupajy Mapkep kimacuude aktuBanuje, CD86 y [THC-y y rpynu Gal-3
KO wmumesa (I'padukon 5b). YoueH je Behu mporeHaT KJIacCHUYHO aKTUBHpAaHUX Makpodara y
Mo3ry uMyHH30BaHuX Gal-3 no3uTuBHUX MHIIEBa y nopehewy ca rpynom Gal-3 nedunujeHTHUX
MUIICBa MTO j€ y CKJIaay ca OMMCAHOM MpOouH(IIaMaIjckoM yioroMm rainekrtuHa-3 y [[THC-y
(132), cnuyan Hanma3 je 3a0eieXeH M KOJ MHIIEBa CaMO WHQHUIMPAHUX HUTOMETATIOBUPYCOM,
anu ynpyxeHu edekar nH(peEKUrje U UMyHHU3alMje yTHUe Ha 3HayajHO BehH MopacT MpOLEeHTa

KJIACUYHO aKTUBUpaHUX Makpodara y rpynu Gal-3 nepuumjentaux mumena (I'padukon 5).

5.5. Hudexkumja MCMV-om wuszasuBa excnansujy uHpaamanmjckux CD4+CD28-

Jumonura y nepudepnoj kpsu Gal-3 KO muiena

CD4+CD28™" Memopujcku T nuMponuTH HacTajy TOKOM XPOHHYHE AaKTHBAIMj€ UMYHCKOT
CHUCTEMa M KOJ 3[IpaBUX ocola W Ko 00ojenux oj Myntuiuie ckieposze. OBe henmuje nmajy
orpanuydeHy pasHoiukocT T hemujckor penentopa, He3aBUCHU Cy Of KOCTUMYJIalKje, OTHOPHU]H
Cy Ha amonTo3y, ¥ Mame Cy MOJUIOKHU CyNpecuju perynaropaum T nmumdonuruma (264-266).
OcobunHe Koje yKa3zyjy na oBe hemuje mompuHoce ayroumyHckom omrehemy I[[HC-a y
MYJTHIDIO] CKJIEPO3H YKJbYUYjy WHXOBY ayTOPEaKTUBHOCT W HW3PAXKEHE ITUTOTOKCHYKE
kananutere (266, 267). Hudexkumja CMV-oM wu3a3uBa eKCHaH3HM]y HPOWH(IAMALIN]CKHX

e(eKTOPCKO-MEMOPH]CKHUX CD4+CD28™" T nomdonura Koa ocoba 00onenux oa MYyITHILIE
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ckiepose (265, 268). Ctumynamnuja CcD4+CD28™" T nomMdoIuTa ayTOAHTUTEHUMa MH]jeIMHA
JTOTIPUHOCH TIposidepanuju U ocinobahamy MUTOTOKCHYKHX TpaHyja IITO MOXXE HWHIYKOBATH
owrreheme y MyITHILIOj ckieposu (269). Ipouenar CD4+CD28™" T immouura xopenupa ca

CTEIICHOM JICMHUjEIMHU3AIU]e U TSKUHOM OostectH (226).

VY 0BOj CTyIHjH je TIOKa3aHO Ja UMyHH3allhja eHIeaTIuTOreHOM 3HauajHO ToBehaBa mpolieHat
eexTopcko MeMopHjckux JauMmdorura y nepudepnoj kpsu, MCMV unHpekunja MUHUMAIHO
noBehaBa mporenar oBux henuja u To 3Hayajaumje y rpynu WT wmwumea, 10k uHGeEKIHja
BHUpyCOM M HakHajgHa wumyHH3anuja nentuaoM MOGssss moBehaBa 3HavajHO MporeHAT
CD4+CD28- numdporura camo y rpynu Gal-3 KO wmumesa (I'paduxon 6). Ilpouenar
CD4+CD28- nmumdonura y nepudeproj kpeu Gal-3 KO muineBa mHQHUIMpPaHUX BUPYCOM Na
umyHmn3oBanux rnentugoM MOGss 55 je ctaTrucTruku 3Ha4ajHo Behu y mopehemy ca mporeHToM
oBux henuja y nepudepHoj kpeu unpunupannx u umynnzopanux WT mumea (I'padukon 6).
WuTepecanTtHo je na cama BupycHa uH(ekuuja 3HauajHo nosehasa mpouenat IFN-y+ henuja y
okBupy CD4+CD28- monynaiuje henuja y rpynu Gal-3 KO mumieBa ma je mporieHaT OBUX
henuja craructnuku 3Ha4yajHo Behm Hero y rpynu uHpunupannx WT mumesa (I'papuxon 6).
Nmynnzanmja nentuaomM MOGss s5 mocne uHbekiuje BUPycoM A0AAaTHO MoBehaBa mporeHar
IFN-y+ henuja y okBupy CD4+CD28- nonynanuje y rpynu Gal-3 KO muiera, a y rpynu WT
MUIIIeBa HU WH(EKIMja HA MMYyHH3allMja HE yTUYy Ha moBehame mpoleHTa WH(IaMaIjCKUX

e(eKTOPCKO MEMOPH)CKUX JIUM(pouTa.

OBH pe3ynTatu yka3yjy JAa HMHQEKIHMja LUTOMErajoBUpycOM yTude Ha mnoropmawme EAE un
MHAYKIHMJOM eKkcraH3uje edekropcko MeMopujckux CD4+CD28- numdornura Koju uMajy
nH(amManujcku GEeHOTHI, a KOJU ce OpKe aKTUBUPA]y ayTOAHTUTEHHUMA, CIIOCOOHU Cy aa mpol)y

y MOX/IaHHM TTAPSHXMM U UMa]jy UTOTOKCHYKH KarmaruteT (266, 267),

5.6. TanekTHH-3 Mrpa NMPOTEKTHBHY yJjory y omrehemy jeTpe m3azBaHoM HH(eKIHjoM

HUTOMErajoBHMpycoM

Y HEKONWKO KIMHWYKHX CTyJIdja € TIOKa3aHo Ja Cy y TOKYy BHPYCHUX HH(]eEKnja
KOHIIEHTpaluje raiekTiHa-3 y cepymy nosehane (270, 271). Beha excnpecuja ranextuna-3 je
MOoKa3aHa M y HEPBHOM TKMBY Ca IMPUCYTHOM BUPYCHOM HH(QEKIIHjOM, Ca JACHOM pPa3IUKOM Y
eKCIPECHjH Yy TKUBY MO3Ta ca BUPYCHOM HMH(EKIMjOM U JereHepaiujom. Pesynaratu ose crynuje

yKa3yjy Jia je rajJeKTuH-3 NOTeHIUjaTHi Mapkep BupycHux uHdpekimja (138). Hanaszu nodujern

96



y aHUMaJTHOM Mojieny omrtehema Muokap/a nzazsanuM uHpekujom CS7BL/6 MuieBa KoKcaku
BUpycoM B3 yka3yjy Ha 3alITHTHY yJIOTYy TraJIekKTHHA-3 y OoiecTiMa Koje Cy N3a3BaHe BUPYCHUM
uHdekujama (241). Pesynratu oBe CTyAMje jacHO MOKa3yjy Ja je Jelelyja reHa 3a rajJeKTHH-3
yIpyKeHa ca yop3aHuMm u TexuM omnrtehemeM jerpe uzazBanuMm nHdekunjom MCMV-om. Gal-3
nepunujentan C57BL/6 MumieBn undunupann MCMV-oM pas3Bujajy TexH OOIHK XEMaTUTHCA
y mnopehewy ca Gal-3 mo3utuBHMM MmumieBuMa. Y jerpu Gal-3 gedunMjeHTHHX MHUIIEBa
uHpurmpaanx MCMV-om nerekroBanu cy Behu unduntpatu u Beha nmossa Hekpose (Crnuka 2,
I'padukon 15), Behn mpoleHaT anmonToTUYHUX M HeKponToTWyHuX Xxemarouuta (Cnuka 3, 4,
I'papuxon 19, 20), Behu turtap Bupyca (I'paduxon 25) u Behu Opoj henwja mHbHUIEpPaHHX
MCMV-om (Crnuka 7). KoHmenTpaidja eH3uMa y cepyMy KOju yKasyje Ha omreheme jerpe,
ALT, je takohe Beha y rpynu Gal-3 nedpunujentnux nHpunupanux mumesa (I'padpuxon 16).
OBH pe3yiTaTu yKasyjy Ja raJleKTHH-3 BEpOBATHO UTpa MPOTEKTHBHY yJOry y omrehemy jeTpe
M3a3BaHOM MHQEKIUjOM IIUTOMEraioBupycoM. Ha oBaj 3akibydak ykasyje M JCTEKTOBaHA Mamba
uHdramaija u Hekposa jerpe kox Gal-3 KO wmwumieBa TpeTHpaHHX PEKOMOMHAHTHUM
rajektuHoM-3 npe uHdpekuuje MCMV-om (Cnuka 10). Edexar ranektrHa-3 Ha TOK U TEKUHY
pa3nmuuuTUX HMHQIAMAIMjCKUX CTamba 3aBHCH OJl TOKAa KOjU OJ HMYHOIATOT€HETCKHX
MeXaHu3aMa Wrpa JIOMHHAHTHY YJIOTY y Pa3Bojy Oojectu. [leneruja reHa 3a rajieKTUH-3 HIIH
dapmakomonika MTHXUOUIMja TaleKTUHA-3 UMa]y MPOTEKTUBHHU edeKar y Mojeny KapAuTHca y
KOM JIOMUHAHTHY MMYHOTIATOT€HETCKY YJIOTY UTpajy Makpodaru u y Mojaeny cpuyane ¢pudpose
n3azBane nHpeknujom Kokcaku Bupycom B3 (241). Takohe, panuje je mokasaHo ja je 0JCyCTBO
rajieKTUHA-3 YAPYKEHO ca ciabujoM (GOopMOM XEmaTHUTHCA Y YWjO] MATOT€HE3U KJbYUHY YJIOTY
urpajy T mumdountn u NKT henuje (124, 235). V ckiaay ca HaBeACHHM MOJalMMa je U
pe3yiaTaT HOBHje CTyAHje Ja Y OJICYCTBY TaJIeKTHHA-3 TOTOBO Jla HEMa pa3BOja XOJIAHTUTHUCA Y
MOJIeSly TpPUMapHOr OWJIMjapHOI XOJAHTUTUCA HW3a3BaHOr OakTepujoM, ILITO j€ IOCcIeaula

HeaJIeKBaTHE akTUBalMje nH(Iama3oma y oJcycTBy ranektina-3 (240).

Pesynratu oBe cTyauje Koju yka3yjy Ha MPOTEKTUBHM edekaT rajiekTuHa-3 y omrehemwy jerpe
M3a3BaHOM HH(EKIUjOM IIUTOMETAIOBUPYCOM Cy Y CKIaay ca pe3yiTaTUMa MpeTXOIHOT
UCTPAXMBamka y KOjeM je MOKa3aHOo Ja JeJielMja IeHa 3a TaJeKTHH-3 IoropliaBa NMpUMapHH
OWIMjapHU XOJAHTUTUC M3a3BaH UMYHHU3AllMjOM MHIIEBa KCEHOOMOTUKOM ycien Behe amonrose

XeIaTonuTa y OJICYCTBY TaJeKTHHA-3 M TOCICINYHO WHTCH3UBHU]ET ociobahama ayToaHTHTreHa

(234).
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5.7. IloBehana undaamanuja u ciaduja KoHTposaa BupycHe undeknuje y jerpu Gal-3 KO

MuIleBa je He3aBucHa o1 akTuBHocTH NK henuja

NK henuje wurpajy KJbydyHy YJAOTY Yy PaHOM HMYHCKOM OJrOBOpPY Ha HMH(EKIH]y MUIIjUM
[IUTOMETAJIOBUPYCOM M yTUUy Ha enuMuHaiujy MCMV-a u3 jerpe C57BL/6 muresa (206). Ca
apyre crpane NK hemuje mompunoce omrehemy jetpe y BupycHuM uHpekiujama (236).
lanextnn-3 excrpumupadn Ha NK henmjama yrimaBHOM yTude Ha CMambembe NPOAYKIH]jeE
nHbpmamanujckux menujatopa y NK henujama u cMamyje BUXOBY HUTOTOKCHUYKY aKTHBHOCT
(233). Y 0BOj cTyaujH je TOKa3aHo Ja Ce Y jeTPH TaJCKTHH-3 MO3MTHBHUX MHUIIIEBA Hajla3u Behu
ykynan Opoj NK henuja xoje ekcnpumupajy IFN-y m mMapkepe HUTOIMTHYKE aKTUBHOCTH, a
Mam Opoj NK hemmja xoje excnpumupajy IL-10 y mopehewy ca Gal-3 KO wmwumeBuma
(C'padukon 23) mTo je y CYNmpOTHOCTH ca MPETXOAHO HaBeneHuM Hamazuma (233). Takobhe, y
oBOj cryauju je mokazan Behu umHbnyke NK henuja y jerpy unbumupanux WT wmumiea
(l'paduxon 22). HaBenenu pesyntatd jacHO ykaszyjy na Behe omireheme jerpe Ko
unpuimpanux Gal-3 KO mumesa nuje npaheno Behom akrusHoithy NK henuja (I'paduxon 22
u 23) ¥ J1a je BepOBaTHO Jia Cy Mamu TUTpH Bupyca y jerpu WT mumeBa pesynrar nosehane

aktuBHOoCcTH NK henuja.

Pesynratu exkcnepumeHata y KOjUMa Cy MHUIIEBH HMH(UUIUpPAHU MYTAaHTHUM COjeM BHUpYca,
MCMVAmI157, cy norBpaunu 1a NK henuje nemajy yuemthe y Behem omrehemwy jerpe koa Gal-
3 KO muesa. IIporenn M157 xoju je koJupaH BUPYCHUM I'€HOM Be3yje C€ 3a aKTHBAI[MOHU
peuentop Ha NK henmjama, Ly49H, tako ctumynumie antuBupycHy aktuBHocT NK henmja koja
je kibyuHa 3a pany KoHTpoixy MCMV unbekuuje u Opxy enumuHanujy Bupyca u3 oprana (204).
Jleneuuja reHa 3a M157 mpoTeMH y OKBHPY BUPYCHOI T'€HOMa WM OJOKaja aKTUBAIMOHOT
peuentopa Ly49H na NK henujama pemertn pany koutpory MCMV y Behunu oprana (205, 212,
272, 273). Undexmja MCMVAmI157 Bupycom koju Hema moryhHocT pane aktuparmje NK
henuja KOpUCTH ce 3a UCIUTHUBaWkE YJIOre OBUX henuja y KOHTposid nHpekuje u/mm omrehemy
TKUBa M3a3BaHOM BHpYCHOM uHpekuujoM. Hana3 Beher Opoja mrduarpara y jerpu Gal-3 KO
muieBa uHpuuupanux ca MCMVAmI157 y nopehewy ca rpynom WT muineBa nHGpUIHpaHUX
uctuM cojeM Bupyca (Cnuka 6, ['padukon 24) cyrepumie na Behe omreheme jerpe xon Gal-3 KO

MuIieBa Hema Bese ca aktuBHouthy NK hemnuja.

98



5.8. Ekcnpecuja TNF-o y xemarouumtuMma je mnoBehana koa Gal-3 KO wmumena

uHpuuupanux MCMV-om

MCMYV uHpekmja MHAYKYyje BeoMa Op3u pa3BOj CHCTEMCKOT MH(IAMAIHjCKOT OJIrOBOPa KOjH
KapakTepuine npoaykiuja Beiauke komnuuae TNF-o, IL-12, IFN-y u unrepdepona tum | (20,
229). TNF-a je yk/bydeH y IaroreHe3y BHPYCHOT XEMaTHUTHCA, aIKOXOJIHE OOJIeCTH jeTpe,
HEAJIKOXOJIHE MacHe OOJIECTH jeTpe U UCXEMH]jCKO-penepdy3noHe moBpee, ajal Urpa JMXOTOMHY
yIOTy jep He Jenyje caMo Kao menaujatop hemmjcke cmptu, Beh Moxe na WHAYKYje U
nponudepannjy xemarouura W pereHepanujy jerpe (274). Benwmke xouueHrpamuje TNF-a y
cepyMy ce naeTekTyjy pano HakoH mH(pekuuje (20), a moBehana excmpecrja MRNA TNF-a
JCTEKTYje ce Yy jeTpH, clie3uHu U iyhuma nauduimpanux mMuiiesa (275). AHTUBUpYCHA JiejcTBa
TNF-o xox wmummeBa koju cy uHpumupann MCMV-oM cy HHIUPEKTHO IOCPEAOBaHA
onakmaBajyhu wuHpuiITpanyjy uHIamanujckux henwja Ha wMectuma uHbpeknuje (276).
Omreheme jerpe Koje ce pa3Buja paHo mno uHpekuuju mnocpenoBaHo je TNF-o kox
UMYHOKOMIIETCHTHUX ajii U uMyHoaedunujentaux ocoda (200). Benuka konuenrpanuja TNF-o
y cepyMy KoJ HOBOpoh)eHHX WHPHUIMPAHUX MUIIEBA KAPAKTEPUCTUKA je BUPYJICHTHE HH(DEKIHje
U y Kopenauuju je ca mopramuteroM (277). Panuje je mokasano ma TNF-o ydectByje y
omrehewy jerpe y Toky undpekuuje MCMV-om u To He3aBUCHO of aenoBama T numdonuTa u
NK henuja (200). TNF-0 je HeomxomaH 3a pa3Boj HEKPOTHYHHMX >KApPHINTA Y jJETPU PAHO II0
undekuju MCMV-oMm 1 3a nmopact Tpancamunasza y cepymy (200). Ca apyre cTpane pe3yiraTu
jemHe cTyAdje TMOoKaszyjy Aa jeuerwe aHTH-|1NF-o anTuTenom Hema edekra Ha peruTuKalujy

MCMV-a u Ha ucxon 6osectu (278).

Pesynratn oBe cryamje mokasyjy na cy XematouuTtu 3HadajaH u3Bop TNF-o y MCMV
undexuuju (Cruka 8). Mako je TNF-o TpaguiMOHAIHO OMHUCAH Ka0 IIUTOKUH KOjer CEKpPETyjy
henuje ypohene umynoctu (279), no3Haro je na TKuBHO-crienuduyne henuje Takohe mpoaykyjy
TNF-a (280-282). Iponykimja TNF-o y jerpu mumieBa unduimpanux MCMV-om 3aBucu o
curHamm3anuje ca TLR3, TLR7 u TLRY penentopa (283, 284), kao u on aktuBHoctH MAPK-
aKTHUBUpaHe npoTenHcke kuHaze 2 (285). C 003upoM J1a je y OBOj CTYIHUjU MOPEd CKCIPECH]e
TNF-0 y xemaronutuma jacHO JE€TEKTOBAHO M MPHUCYCTBO XematouuTa MHpuuupanux MCMV-
oM (Cnuka 7), npernoctaBibero je 1a MCMV nupekTHO crumynuine npousBoamy TNF-o y
xenarouutuma. [lopen Tora, Beha ekcmpecuja TNF-o um Behu Opoj xemartouurta Koju

excripumupajy TNF-o nerekroBanu cy y jerpu Gal-3 KO mumesa nndumupannx MCMV-om y
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K0jOj ce JIeTeKTyje U 3Ha4yajHo Behe omreheme y mopehemy ca rpynoM HHGUIUPAHUX TaTeKTHH -
3 mosutuBHuX MmuineBa (Cimka 8, I'padukon 26). IIpumMeHa MOHOKJIOHCKOT aHTHTENIA KOje
onokupa TNF-a (Infliximab) npe undpexmuje MCMV-om yrunana je Ha 3Ha4ajHy pEAyKIH]Y
cMptu xemarorurta, nocebHo y rpynu Gal-3 KO mumesa (Cnuka 9). TNF-o cen3uOunuine
XeIaTolUTe Ha aronTo3y Koja je 3aBUCHA O]l Kacla3e Kao W Ha alolTo3y Koja je He3aBHCHA O]
kacmase (286) u mokpehe HexpomnrTosy (237). I[Ipema Tome, Moxe ce npernoctaBut ga TNF-a
KOjer MpOIyKYjy XeMaTOLUUTH HUrpa 3HauajHy yjiory y omrehemy jerpe HakoH WHQEKIuje
MCMV-om. Y3umajyhu y 003up oBa 3amakama, BepoBaTHO je na Beha mpoaykmmja TNF-a y
xenatorutuMa Gal-3 KO mumea wHbunupanux MCMV-om nonpunocu Behem omrehemy

jerpe.

5.9. Uudpexnnja MCMV-om noBehaBa excrnpecujy rajieKTuHa-3 y XxenaTouuTuMa

XenarouuTy Jbyad y (U3MOJOMIKAM YCIOBHMAa HE EKCIIPUMHUpPAjy TanekTuH-3 (234), amu ce
eKCrpecHja TajekTuHa-3 y xemaToruTuMa rnoBehaBa y pasnuuntuMm obosbemuma jerpe (287-
289). T'ayiexTuH-3 je OOMIHO SKCIPUMHUPAH YHYTap pereHepaTHBHHUX HOAYJIyca Y IMPO3H jeTpe
(290) y TymOpcKOM TKHBY XeHaTolelyJapHOr KapiimHoMa. EKcrpecuja rajiekTuHa-3 je Takole
yKJby4e€Ha Yy IpOrpecujy TyMopa U IOBe3aHa je ca JIOIIMJOM IMPOTHO30M XENaToLEeNyJapHOT
kapuuaoma (287). YV o0BOj crymuju je yTBpheHO J1a HeMa eKCIpecHje TaleKThHa-3 'y
XEMaTONUTIMa HETPETHPAHWX MHUIIEBa M TI0KAa3aHO j€ II0CTOjakheé BPEMEHCKH 3aBHCHOT
nosehama ekcrpecuje rajekruHa-3 y xematouutuma WT mumeBa nHpunupannx MCMV-om
(Cnuka 5). OBaj Hana3 je y CKiialy ca IpeTXoAHO 00jaBJbeHHM PaJoBHMa Y KOjUMa je MoKa3aHa
Beha ekcnipecuja rasiektuHa-3 y TkuBy LIHC-a MuieBa HakoH pa3Boja eHIeparToMUoKapIuTHCa
KOju je u3a3BaH BUpycHOM wuHOekmujom (138) m y MHUKpOIrIHMjH M acTpPOIMTHMA MHUIIEBA
urpummpanux Junin Bupycom (137). HemaBuo je mokasano na TNF-o mosehaBa ekcmpecujy
ranektrHa-3 (291), mTo ykasyje /Ja eKkcrpecuja raiekTuHa-3 koja je uaaykoana MCMV-om y

XernaTouuTHMa Moxke OuTH pesynrat npoaykuuje TNF-a kojy mHAYKYje BUpPYC.

5.10. Gal-3 KO mumeBu napunupanu MCMV-om nmajy Bullle aHONTOTCKUX XeNATOHUTA

Jlemenja TeHa KOJjU KOJMpAa TaIEKTHH-3 CEH3WOWJIMINEG XyMaHe KepaTHHOIUTE, henmje
KOJIOPEKTATHOT KapIIMHOMa, Jieykemujcke henuje, henuje xymanor kapuunoma 0yopera u henuje
XOJIaHTHOKapIuHOMa Ha amonTo3y (288, 292-294), nox mpexoMepHa eKCIpecHja TaJeKTHHA-3

mrrutd henuje o amorose (295). anekTrH-3 MHXMOMpPA TUTaH KOjU U3a3WBa aronTo3y KOjH je
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moBe3an ca TNF-a, TRAIL murang (eurn. TNF-related apoptosis-inducing ligand, TRAIL),
nHaykyjyhun amonrto3y aktuBamujom PI3K/Akt myra koju craOunusyje MHUTOXOHIPHjaTHH
MeMOpaHCKH TOTEHIMjaj, IITO PEe3yITHpa MHXMOWIMJOM aKTUBAIMje Kacmaze-9 M kacmase-3
(296). YV ckmany ca tum, nponalhen je Behm mporeHar TNF-o MO3UTHBHHX XEHaTOIMTA
(C'padukon 26) u Behum mpoueHar amonToTHuHMX Xemarouuta y jerpu Gal-3 KO wMwuireBa
uapumpannx MCMV-om (Cnuka 3, 4, I'paduxon 19, 20). Takohe, y oBoj crymuju je
nponaheno 3HadajHo Behe ocnobahame HMGBI1 y TtkuBy jetpe unbunupanux Gal-3 KO
mumeBa (['padukon 17) m 3HayajHo BehM mpolEHAT KAJIPETUKYJIMH MO3UTHBHUX XEMATOIMTA
(T'paduxon 18) (297). HMGBI1 ce Be3syje 3a HEKOJHMKO peEIENTOpa Ha IMOBPIIMHU henuja
umynckor cucrema (TLR2, TLR4, RAGE) u crumynuiie pa3Boj jake uapaamanuje (298), nok ce
W3JIOKEHN KaJpeTHKYJIMH Be3yje 3a penentope Ha henujama Koje Mpe3eHTY]y aHTHIEH H
crumynuiire ¢aronurody (299). IIpermnocrasiba ce 1a je Beha HEKPONTO3a XEMaTOUTa Y TPYIH
Gal-3 nedunmjenTHHx MumieBa, paHo HakoH wuHpekuuje MCMV-om, mnpahena Behum
ornymratseM HMGBI1, Behom unduamanujom y jerpu u npoaykuujom TNF-o y henmjama
ypoheHOr MMyHCKOT cucTeMa, Koja 3aTuM aktuBupa NF-kB y XemaTomuTnma W HaKHAIHO
noBehaBa ekcnpecujy uuroknHa ypohene wumyHoctH (TNF-o) y xemaromuruma (300)

n3a3uBajyhu nosehano omreheme jerpe.

Konawno, mojmanu u3 oBe CTyauje YKa3yjy Aa je moBehaHa ekcrpecwja rajiekThHa-3 y jeTpH
mumeBa wuHpuupanux MCMV-oMm yapyxkeHa ca CcMambeHHM THTPOM BHpPYCa, INTUTH
XeMaToLuTe O] aroNTo3¢ U HeKpornTo3e 3aBUCHUX off TNF-o, n HakHanHO cMamyje omTeheme
jerpe. OBu Hanma3u y KOMOWHaIMjU ca cMambeHUM omtehemem jerpe mzazsanumM MCMV-om
HAaKOH TPETMaHa PEKOMOMHAHTHUM TaJeKTMHOM-3 yKa3yjy Ha 3alITUTHY YyJOTy TrajleKTUHa-3 y
omrehewy jerpe m3aszBanom uHpeknujom MCMV-oMm, mTo ykaszyje Ha MoOryhHOCT maJbHX

MPETKIIMHUYKUX HCIIUTUBAEbA HOBUX Tepalmj CKHX MCpa.
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6. SAKJbYULIA

lNanekTuH-3 yTude Ha pa3Boj KMyHCKoOr oaroBopa Ha MCMYV, na Tako cie3nHe MHPUIUPAHUX

C57BL/6 mumeBa ca npenmenujoMm reHa 3a Gal-3 caapke Mamu TpoleHAT HHGIaAMAIU]jCKUX

MujeronaHuX henuja, a HAKOH eNMMHUHAIM]je Bupyca, 11 maHa mocie umH)EKuje, caapxe Behu

nporenar uHbpmamanujckux NK henwja mro je yapyxkeHo ca mpekuaoMm atenyaunuje EAE

n3a3Ba”or umyHu3anujoM nentuoM MOGss.s5 ["anekTnH-3 ITHTH XeMaToIuTe O] alloNTo3e U

Hekponroze koje m3azuBa MCMV mnocpenctBom TNF-o m Tako cmamyje omreheme jerpe

M3a3BaHO MH(EKLINjOM HUTOMETATIOBUPYCOM.

3akJpyully Cy U3BEICHU Ha OCHOBY cienehux pesysrara:

1.

Gal-3 KO wmwumeBn wumyHu3oBand nentugoM MOGss.s5 HakoH — HHOEKIH]je
uTOMeranoBupycom passujajy EAE crnuyan oHOM Kkoju pa3BHjajy HeUH(pUIUpPAHU
umyHuzoBanu C57BL/6 WT muiesu.

MCMYV wundekimja cMamyje mporeHaT u 0poj uaduramanujckux CD4+ hemuja y [THC-y
WT u Gal-3 KO wmumeBa umyHu3oBanux mnentugoMm MOGssss mocine uHbpeknuje
MCMV-om

Hedpunmjennuja rajgexkTuHa-3 je yApykeHa ca mnosehameMm mpoueHta u Opoja
nporH(pIaMalljCKUX U CMAamEeHhEM MpoleHTa U Opoja aHTuuHGnamauujckux CD8+
henuja y HHC-y nungunupanux mumeBa uMyHn3oBanux nentugoM MOGass.ss.
Hedunujenumja rajekTuHa-3 je yapyxkeHa ca moBehameM NpOIEHTa KIACHYHO
akTuBUpaHux makpodara y [ITHC-y mumesa umynuzoBanux nentuioM MOGss.55 HaKOH
nHdpexje MCMV-om.

OpcycTBo rajekTuHa-3 nosehasa npoueHat HHQIaMaIUjCKUX eeKTOPCKO-MEMOPH)CKUX
(IFN-y+CD4+CD28-) numdormra y mnepudepHo] KpBH MHIIEBA HHOUIIMPAHHUX
LIUTOMETAJIOBUPYCOM.

Cnesune Gal-3 KO mwuireBa HakoH elMMUHaNMje BUpyca, 11 maHa mocie uHbeKiuje,
canpxxe Behu nponenar nndnamanujckux NK u NKT henuja.

Jedunmjennuja ranekTuHa-3 je yapyxkeHa ca Behum omrehemeM jeTpe H3a3BaHUM
unpexjom MCMV-om, cyaehn mnpema BpeIHOCTMMA XHUCTOJOIIKOI CKopa |
OMOXeMM]jCKUX MapaMeTapa u Behum TUTpoOM BHpyca.

Nndexunja nuromeranoBupycom nosehana ecKpecujy rajlekTuHa-3 y XxenaronuTiuma.
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9. Behe omrehewme jerpe wunduimpanux Gal-3 KO wmwumeBa Huje mocieauiia Behe
aktuBHocTH NK henuja. Jerpe undumumpanux CS57BL/6 WT wmumeBa canpxe Behn
nporerar u 6poj NK hemuja u unpnamamujckux IFN-y+ NK henmja u mamu tutap
Bupyca. Beha undmamaruja y jetpu Gal-3 KO wmwumeBa je npucytHa ¥y CiIy4ajy
napexnuje MCMVAm157 Bupycom koju He aktuBupa NK henwmje.

10.V jerpama Gal-3 KO mumeBa unpuiupanux MCMV-om je Beha exkcrnpecuja TNF-q,
NPUCYTHO je BUIIE alONTOTCKMX W HEKPONTOTCKUX Xemaromura, a Omokama TNF-o
3HauajHO cMamYyje omreheme jerpe Gal-3 KO mumeBa nzazsano MCMV-owm.

11. Ilpumena er3oreHor rajekTuHa-3 ybomaxasa omreheme jerpe Gal-3 KO mumieBa HakoH
MCMYV wundekmnuje, a mpuMeHa HHXUOUTOpA TaJIeKTHHA-3 3Ha4yajHO moBehaBa HEKpPO3y

jerpe WT mumeBa nHakoH ungekuuje MCMV-owm.
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Illema 5. VYmora ramekruHa-3 y omrehemy jerpe u3asBaHoMm uHbpekijom MCMV-om. VYV
MpHUCYCTBY ranektuHa-3 (ieBu manen) NK henuje xoje mndmnrpumy jerpy caapxe IFN-y u
urpajy ynory y kiaupency Bupyca. MHpekumja xenaromura MCMV-oM mHIyKyje amonto3y u
HEKpOMTOo3y, MeMOpaHcKy ekcnpecujy kanpetukynuHa (CALR), ocmobahame mpo-
uHpnamanujckor mosiekyna HMGB-1 u nponykuujy TNF-a. TNF-o ce Besyje 3a TNFR u
JOJaTHO CTUMYJIHINE AaronTo3y, ald WHTPALENyJapHU TaJeKTHH-3 INTHTH XEMaTOUUTE Of
henmmjcke cmpTH. Pesynrar je koHTponucano omreheme jerpe U HUxkHM BupycHu tutap. Kox Gal-
3 KO wmumreBa (necan manen) NK henuje koje caaprxke Burie I1L-10 cnabuje KoHTpOIUIITY BHPYC,
LITO M3a3MBa MoBehaHy anmonTo3y U HEKPOIITO3Y Koje cy MHAyKoBaHe BUpycoM. IloBehana cMpt
xenarouuta Gal-3 KO mumeBa je yapyxena ca Behom ekcrnpecujom CALR u ocnobahamem
HMGB1 koju ctumynume mnpoaykuujy TNF-a y CDllc+ hemmjama. Bume MCMV vy
xenarouutuma Gal-3 KO mumesa unnykyje Behy npoaykuujy TNF-a koja je mocpenosana NF-
kB koja 3aTum moBehaBa amonrto3y XemaroluTa, a y OJICYCTBY 3alITHTHOT e()eKTa raieKThHa-3
uHIyKyje Texe omreheme jerpe kox Gal-3 KO mumiesa.
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8. BUOTPADUIA

bojana CrojanoBuh, pohena 12.04.1988. romune y Ilpuspeny. OcHoBHy mkony u Cpeamy
MEIUIIMHCKY 1Koy ,,Cectpe HunkoBuh* 3aBpimmna je y KparyjeBmy. ®akynrer MeIUIIMHCKUX
Hayka YHuBep3urera y Kparyjepiy, ynucana je mkosucke 2006/07. rogune, U AUIIOMHpania je
2012. rogune, ca mpoceyHoMm oreHoM 9,51 (meer m 51/100) m THMe CTEeKIa 3Bamke JOKTOP
MeaunurHe. HakoH 3aBpuieHuX cTynuja, o0aBuia je o0aBe3aH JIEKAPCKU CTaX M IOJOXKUIIA
CTPYYHHU HCHHT 3a JTOKTopa Meaunuue y anpuiay 2013. rogune. JIOKTOpCke akaieMcKe CTyauje,
n3bopHo mojnpydje MmyHonoruja, nHdeknuja u uHpIamanuja ynucana je mkoncke 2012/13.
roguHe Ha Pakynrery meauuuHcKuX Hayka y Kparyjesmy. Ilonoxuna je ycMEHH JOKTOPCKH
ucnut 31.07.2014. rogune ca onenom 10 (mecet). Ox 06.12.2013. ronune, 3anoubeHa je Ha
DakynTeTy MEIUIIMHCKUX HayKa Kao capaJHUK y HAcTaBU 3a yXy HayuHy oOmnact Ilaromnormika
¢usnonoruja. Ox 07.04.2016. rogune, n3abpaHa y 3Bambe aCHCTEHTA 3a YKy HaydHy o0Jyact
[Tatonomka ¢usnonoruja. ['oBopu eHrIecKH je3UK W MO3HAje paj Ha padyHapy. AKTUBHO
yuecTByje y u3Bohemy ekcrnepumenata y LIeHTpy 3a MOJEKyJICKYy MEAMIIMHY U HUCTPAKUBAHE
MaTUYHHUX henuja y OKBHPY Makpo U jyHHOp mpojekta DakynTeTa MEAMIMHCKUX HayKa

VYuusepsutera y Kparyjesiry.

123



9. BUBJINOT'PA®UJA

Hayunu panoBu 00jaB/beHH y HIeJIMHU Y Yaconmucuma Mme)yHapoaHor 3Hayvaja:

1.

Stojanovic B, Milovanovic J, Arsenijevic A, Stojanovic B, Strazic Geljic I, Arsenijevic
N, Jonjic S, Lukic ML, Milovanovic M. Galectin-3 Deficiency Facilitates TNF-a-
Dependent Hepatocyte Death and Liver Inflammation in MCMV Infection. Front
Microbiol. 2019 Feb 8; 10:185. (M21=8 6o10Ba)

Arsenijevic A, Milovanovic M, Milovanovic J, Stojanovic B, Zdravkovic N, Leung PS,
Liu FT, Gershwin ME, Lukic ML. Deletion of Galectin-3 Enhances Xenobiotic Induced
Murine Primary Biliary Cholangitis by Facilitating Apoptosis of BECs and Release of
Autoantigens. Sci Rep 2016; 6:23348. (M21=8 60/10Ba)

Milovanovic J, Popovic B, Milovanovic M, Kvestak D, Arsenijevic A, Stojanovic B,
Tanaskovic I, Krmpotic A, Arsenijevic N, Jonjic S, Lukic ML. Murine Cytomegalovirus
Infection Induces Suseptibility to EAE in Resistant BALB/c Mice. Front Immunol. 2017;
8:192. (M21=8 6o10Ba)

Stojanovic B, Jovanovic I, Stojanovic BS, Stojanovic MD, Gajovic N,Radosavljevic G,
Pantic J, Arsenijevic N, Lukic ML. Deletion of Galectin-3 attenuates acute pancreatitis in
mice by affecting activation of innate inflammatory cells. Eur J Immunol. 2019 Jun;
49(6): 940-946. (M21=8 60m0Ba)

Arsenijevic A, Milovanovic J, Stojanovic B, Djordjevic D, Stanojevic l,Jankovic N,
Vojvodic D, Arsenijevic N, Lukic ML, Milovanovic M. Gal-3 Deficiency Suppresses
Novosphyngobium aromaticivorans Inflammasome Activation and IL-17 Driven
Autoimmune Cholangitis in Mice. Front Immunol. 2019 Jun 7; 10:1309. (M21=8
00/10Ba)

Nikoli¢ MV, Mijajlovié MZ, Jevti¢ VV, Ratkovi¢ ZR, Novakovi¢ SB, Bogdanovi¢ GA,
Milovanovi¢ J, Arsenijevi¢ A, Stojanovi¢ B, Trifunovi¢ SR, Radi¢ GP. Cytotoxicity of
copper(Il)-complexes with some S-alkyl derivatives of thiosalicylic acid. Crystal
structure of the binuclear copper(I1)-complex with S-ethyl derivative of thiosalicylic acid.
Journal of Molecular Structure 2016; 1116: 264-71. (M23=3 601a)

Mijajlovi¢ M, Nikoli¢ MV, Jevti¢ VV, Ratkovi¢ ZR, Milovanovi¢ J, Arsenijevi¢ A,
Stojanovi¢ B, Novakovi¢ SB, Bogdanovi¢ GA, Trifunovi¢ SR, Radi¢ GP. Cytotoxicity of
platinum (1V) and palladium (1) complexes with meso-1,2-diphenyl-ethylenediamine-N,

124



N'-di-3-propanoic acid. Crystal structure of [Pd (1, 2-dpheddp)] complex. Macedonian
Journal of Chemistry and Chemical Engineering 2016; 35 (1): 79-86. (M23=3 601a)

Hayunu pagoBu 00jaB/beHH y LEJHHU Y YACOMUCHMA HAMOHAIHOT 3Ha4Yaja:

1.

Milovanovic J, Arsenijevic A, Stojanovic B, Milovanovic M, Popovic B, Jonjic S,
Arsenijevic N, Lukic ML. Latent Murine Cytomegalovirus Infection Contributes to EAE
Pathogenesis. Ser J Exp Clin Res 2014; 15 (4): 183-190. (M52=1,5 6omoBa)

Arsenijevic A, Milovanovic J, Stojanovic B, Milovanovic M, Gershwin E, Leung P,
Arsenijevic N, Lukic ML. Xenobiotic induced model of primary biliary cirrhosis. Ser J
Exp Clin Res 2014; 15 (3): 145-150. (M52=1,5 Gozosa)

Stojanovic B, Milovanovic J, Arsenijevic A, Milovanovic M, Lukic ML. Regulatory role
of peritoneal B cells in EAE. Ser J Exp Clin Res.2016; 17 (2): 4-9. (M51=1,5 6010Ba)
Besser Silconi Z, Benazic S, Milovanovic J, Arsenijevic A, Stojanovic B, Milovanovic
M, Kanjevac T. Platinum complexes and their anti-tumour activity against chronic
lymphocytic leukaemia cells. Ser J Exp Clin Res 2015; 16 (3): 181-186. (M51=1,5
00/10Ba)

Benazic S, Besser Silconi Z, Milovanovic J, Arsenijevic A, Stojanovic B, Milovanovic
M, Kanjevac T. Zinc and gold complexes in the treatment of breast cancer. Ser J Exp
Clin Res 2015; 17 (1): 55-60. (M51=1,5 6o10Ba)

Jurisevic M, Radosavljevic G, Arsenijevic A, Milovanovic M, Gajovic N, Djordjevic D,
Milovanovic J, Stojanovic B, Ilic A, Sabo T, Kanjevac T. Platinum complexes with edda
(ethylenediamine-N,N’-diacetate) ligands as potential anticancer agents. Serb J Exp Clin
Res.2016; 17(4): 285-95. (M51=1,5 6ooBa)

Tomovi¢ DLj, Bukonji¢ AM, Kocovi¢ A, Nikoli¢ MV, Mijajlovi¢ MZ, Jevti¢ VV,
Ratkovi¢ ZR, Arsenijevi¢ AN, Milovanovi¢ JZ, Stojanovi¢ B, Trifunovi¢ SR, Radi¢ GP.
Synthesis, characterization and cytotoxicity of binuclear copper(Il)-complexes with some
S-alkenyl derivatives of thiosalicylic acid. Serb J Exp Clin Res 2017; 18 (1): 13-18.
(M51=1,5 6omoBa)

30opHuuM Mel)yHapoAHMX HAYYHHX CKYIIOBA

1.

Milovanovic M, Arsenijevic A, Milovanovic J, Stojanovic B, Arsenijevic N, Lukic ML.

IL-33/ST2 axis mediates resistance to EAE by promoting regulatory B and tolerogenic

125



dendritic cells. 15th International congress of immunology, Milan, Italy, August 2013.
Abstract book, page 152. (M34=0,5 60m0Ba)

Milovanovic J, Milovanovic M, Arsenijevic A, Stojanovic B, Popovic B, Arsenijevic N,
Jonjic S, Lukic M. CMV infection facilitates EAE development in resistant BALB/c
mice. Journal of Neuroimmunology, Vol. 275, Issues 1-2, p79-80. 2014. (M34=0,5
00/10Ba)

. Stojanovic B, Milovanovic J, Arsenijevic A, Milovanovic M, Arsenijevic N, Lukic M.
IL-33/ST2 axis mediates resistance to EAE by promoting regulatory B and tolerogenic
dendritic cells. Journal of Neuroimmunology, Vol. 275, Issues 1-2, pl1-12. 2014.
(M34=0,5 6onoBa)

. Arsenijevic A, Milovanovic M, Milovanovic J, Stojanovic B, Zdravkovic N, Leung P,
Liu FT, Gershwin, Lukic M. Deletion of Galectin 3 Enhances Primary Biliary Cirrhosis
in Mice by Enhanced Apoptosis of Biliary Epithelial Cells and Release of Autoantigens.
3rd Belgrade EFIS Symposium on Immunoregulation, Arandjelovac, Serbia, May 2015.
Abstract book page 43. (M34=0,5 6omoBa)

Milovanovic J, Milovanovic M, Arsenijevic A, Stojanovic B, Popovic B, Arsenijevic N,
Jonjic S, Lukic M. CMV infection in neonatal and adult mice induces susceptibility to
EAE in resistant BALB/c mice. 3rd Belgrade EFIS Symposium on Immunoregulation,
Arandjelovac, Serbia, May, 2015. Abstract book page 69. (M34=0,5 6onoBa)

. Stojanovic B, Milovanovic M, Arsenijevic A, Milovanovic J, Popovic B, Jonjic S,
Arsenijevic N, Lukic M. IL-33/ST2 axis mediates resistance to EAE by promoting
regulatory B and tolerogenic dendritic cells. 3rd Belgrade EFIS Symposium on
Immunoregulation, Arandjelovac, Serbia, May 2015. Abstract book page 75. (M34=0,5
00/110Ba)

Milovanovic J, Milovanovic M, Arsenijevic A, Stojanovic B, Popovic B, Arsenijevic N,
Jonjic S, Lukic M. MCMV infection in neonatal and adult mice induces susceptibility to
EAE in resistant BALB/c mice. 4th European Congress of Immunology (ECI) Vienna
2015. Abstract book, page 105. (M34=0,5 6o10Ba)

B. S. Stojanovic, I. Strazic Geljic, A. Arsenijevic, J. Milovanovic, N. Arsenijevic, S.
Jonjic, M. L. Lukic, M. Milovanovic. Galectin-3 deficiency promotes liver inflammation
and facilitates TNF-a-dependent hepatocyte death in MCMV infection. 5th European
Congress of Immunology (ECI) Amsterdam 2018. Abstract book, page 452. (M34=0,5

00/10Ba)

126



9. D. Djordjevic, J. Milovanovic, M. Jurisevic, B. Stojanovic, O. Cvetkovic, M. Pergal, E.
Ristic, D. Vojvodic, M. Simic, D. Manojlovic, M. Milovanovic, N. Arsenijevic.
Protective effects of mixture of fifteen n-propyl polysulfides on ConA-induced hepatitis
mediated by induction of regulatory macrophages. 5th European Congress of
Immunology (ECI) Amsterdam 2018. Abstract book, page 350. (M34=0,5 6o10Ba)

127



10. MTPHJIOT

10.1 K/bYYHA JOKYMEHTAIIUJCKA UH®OPMATHUKA

YHUBEP3UTET Y KPATI'YJEBI1Y

OAKYJITET MEJUIIUHCKHUX HAYKA Y KPAT'YJEBIIY

Pennmu 0poj:

Pb

HNnentuduxanuonn 0poj:

UbBP

Tun nokymMeHTanuje: Monorpagcka nydaukamnuja

A

Tun 3anuca: TexcTya/IJHU IITAMIIAHU MaTepujaJl

T3

Bpcra pana: JlokTOopcka nucepranmja

BP

AyTop: Bojana C. CrojanoBuh

AY

MenTop/KOMeHTOP: IIpo¢. np Mapmuja MuiaoBanosuh

MH

HacJioB pana: YTuuaj rajiekTuHa-3 Ha pa3Boj

HP E€KCIIePUMEHTATHOI ayTOMMYHCKOT
eHuedaTOMHujeJuTHCA KO MULIIeBa
unpuuupannx Cytomegalovirus-om

Je3uk nmyOankanuje: Cpuckn (hupuiuna)

128



JII

Je3uk n3Boaa:

JU

3emiba my0JIMKOBama:

311

Y:ixe reorpadcko noapyuje:

YI'1l

T'oguna:

ro

HN3naBau:

n3

MecTo u aapeca:

MC

Du3uyM onuc pajaa:

(010

Hayuna o0aacr:

Hayyna qucounimnna:

hinsi

IIpeameTHa oxpeAHMIA/ KIbYYHE PeYH
J100)

Cprckn/eHriaecku

Cponja

Cponja

2019.

AYTOpPCKH penpyHT

34000 KparyjeBau, Cpouja,

Cgerto3apa Mapkosuha 69

Mucepranuja uma 247 cTpana, caapku
10 morsnamsba, 11 ciuka, 35 rpadukona,

5 mema, 300 pedepenun

Meauuuna

HNmyHosoruja

MCMYV, ranektun-3, EAE, xematutuc

VIK
Yyga ce: Y bubanorenn @axkyjareTa MeAUIIUHCKHX
qy Hayka y Kparyjesny, 34000 Kparyjesan

129



Basxna Hannomena:

MH

N3Bon:
na

lanextrH-3 yTHdYe Ha pa3Boj UMYHCKOT oaroBopa Ha MCMV, nma Tako cie3nHe HHPHUIHpPaHUX
C57BL/6 mumeBa ca npenmenujoMm reHa 3a Gal-3 caapke MamHM TpoleHAT WH(IaAMaIH]jCKUX
MujenouaHuX henuja, a HaKOH eJMMHHAIM]e BUpyca, 11 maHa mocne mHeknuje, caapxe pehu
nporenar uHpmamanujckux NK henmuja mro je yapyxkeno ca mpekuaoMm atenyauuje EAE
u3azBaHor umyHu3zanujoM nentuaoM MOGgsss Gal-3 KO muiieBn HaKOH WMYHHU3AIH]je
nentuioM MOGg3s55 1 HakOH MH(pEKIHje [IUTOMETajJOBUPYCOM pa3BHjajy OOJECT CIMYHY OHOJ
KOjy pa3Bujajy HeuHpuuupanu wumyHu3oBanu C57BL/6 WT wmwumesu. [lepuuujenuuja
raJiekTHHA-3 je yapykeHa ca moBehameM mporieHTa u Opoja mpomHdmamanujckux CD8+ T
mumdonuTa, nmoBehameM KIACUYHE aKTUBAIMje Makpodara, a CMamemeM IMPOICHTa U Opoja
aaTunHpmamanyjckux CD8+ T nmumdonunrta y MO3ry MHQHIUPAHUX MHIIEBA WUMYHHU30BAaHHX
nentuaoM MOGss.ss. [allekTHH-3 ITHTH XENaTOIMTE OJ] allONTO3¢ U HEKPONTO3¢ MOCPEIOBaHE
TNF-a 1 Tako cmamyje omreheme jeTpe u3azBaHo WHMEKIHjoM nuTomMerainoBupycom. [Ipumena
€r30reHor TajeKkThHa-3 yoOmaxaBa omteheme jerpe Gal-3 KO mmmeBa wnzazBano MCMV
nH(]EKIjoM, a MpUMEeHa WHXUOWTOpa rajekTuHa-3 3HauajHo moBehaBa Hekpo3y jerpe WT

MmuieBa HakoH uHdpexnuje MCMV-om.
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Al
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a0
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Galectin-3 influences the development of the immune response to MCMV, so that the spleen of
the infected C57BL/6 mice with Gal-3 gene deletion contains a lower percentage of
inflammatory myeloid cells, and after eliminating the virus, 11 days after infection, they contain
a higher percentage of inflammatory NK cells is associated with an interruption of attenuation of
EAE caused by immunization with the peptide MOG3s.55. Gal-3 KO mice after immunization
with the peptide MOGgs.s5 and after cytomegalovirus infection develop a disease similar to that
developed by uninfected immunized C57BL/6 WT mice. The galectin-3 deficiency was
associated with an increase in the percentage and number of proinflammatory CD8+ T
lymphocytes, an increase in classical macrophage activation, and a decrease in the percentage
and number of anti-inflammatory CD8+ T lymphocytes in the brain of immunized MOG3s.s5
immunized mice. Galectin-3 protects the hepatocytes from apoptosis and necrotosis caused by
MCMYV mediated by TNF-a and thus reduces liver damage caused by cytomegalovirus infection.
The use of exogenous galectin-3 alleviates damage to the liver Gal-3 KO mice caused by
MCMYV infection, and the use of galectin-3 inhibitors significantly increases the necrosis of the
WT mice after the infection by MCMV.

Accepted by the Scientic Board on: 07.09.2016.
ASB

Defended on:
DE

Thesis defended board
(Degree/name/surname/title/faculty)
DB

1. Prof. dr Miodrag Luki¢, Professor Emeritus of the University of Kragujevac for the
scientific field of Microbiology and Immunology, president

2. Prof. dr Danilo Vojvodi¢, Full Professor of Immunology, Medical Faculty, University
of Military Academy Belgrade, member

3. Prof. dr Nebojsa Arsenijevi¢, Full Professor of Microbiology and Immunology and

Oncology, Faculty of Medical Sciences, University of Kragujevac, member

134



10.3. Oopaszay 1

Odpazay 1

H3JABA AYTOPA O OPHTHHATHOCTH JOKTOPCKE JHCEPTAIIUJE

Ja, Crojanoeuh Bojana , H3]aBJbyjeM Ja JOKTOpCKa

,'[PlCCpTElIIHja o4 HaClIOBOM!

Vruiaj ralekTHHA-3 Ha Pa3Boj CKCIICPHMEHTAIHOT aYTOMMYHCKOT
enuedanomujermTrca Koa mumesa nHpuuupanux Cytomegalovirus-om

\

Koja je ombpameHa Ha DaKynTeTy MEJUIIHHCKUX HAYKA

Vuusepsnutera y KparyjcBuy NpecTaBiba OpuauHaine aymopcko 0eno HacTalo Kao pe3ynTar

CONCMBENOZ UCMPANCUBAUKOZ PAdd.

Qeom Hzjacom maxohe nomephyjem:

e 7acam jeduni aymop HapejIeHe JOKTOPCKe auceprauuje,

e Jla y HABEJACHO] JOKTOPCKO] AUCCPTALM|H HUCAM UIGPLUIHO/NA NOEPEdY AYTOPCKOT HUTH
JPYTOT TIPABA MHTENEKTyaHe CBOjUHC APYTHX LA,

LI ¢:| yfunomcmt {IpAMCpaK JOKTOPCKE JUCEPTALH]je Y INTaMITAHO] W eJIEKTPOHCKO] POPMH
¥ unjeM ce LPWIOrY Hana3u oBa M3jaBa caipixu JOKTOPCKY JMCEPTaIHjy MCTOBETHY
010parCHOj JOKTOPCKO] AUCePTAITHjH.

YV Kparyjesny 5 JCM ; TOJIMHE,

(mmm&‘uix Cojauo.

< pornuc ayropa
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10.4. Oopazay 2

Odpasay 2

H3JABA AYTOPA O HCKOPHIITRABAH Y JJOKTOPCKE JTHCEPTAIIUJE

Ja, Crojanosuh Bojamna ,

¢/ | Z03BOJBARAM

T
HC 103BO/BaBaM

Yuupepanrerckoj ubnuorenu y Kparyjepiy oa HauMHA 7Ba TpajHa YMHOKEHA IPHMEpKa y

ENEKTPOHCKO] (POPMM JOKTOPCKC TUCEPTAIIHjE IO HACTIOBOM:

Yuuaj ralnekTuHa-3 11a pa3’Boj eKCIepUMCHTATHOT 4y TOMMYHCKOT

eHue(panoMujelMTIca KoJ Mutnesa unduuupanux Cytomegalovirus-om

koja je ombpaisena Ha PakyaTeTy MEOMIIHHCKMX HAYKA

Yuusepsurera y Kparyjesiy, H TO y HETWHH, K40 U Ja TI0 jeaH MPUMepaK Tako YMHOKEHE
JIOKTOPCKE ,nﬂcepfam{jc YYMHM TPajHO JOCTYITHHM jaBHOCTM HYTEM JHTHTAIHOT
PELO3HTOPU]jYMA YHHI;Cp3HTC'fa y Kparyjesny u TCHTPaJIHOT PCHO3UTOPHjyMa HAIUIEIKHOT
MHUHUCTAPCTRA, TAKO Ja IPUNAIHAIH JABHOCTH MOI'Y HAYHHWUTH TPAJHE YMHOXKEHE IPUMCEPKS

Y CIICKTPOHCKO] (hOPMH HABEACHE JOKTOPCKE JUCEPTALN]C TIYTEM ApEeyIUMArha.

Ogom M3zjaBom takolje

A03BOJbaBamM -

’ ’ HE JI03BO/baABAM '

! Vkomiko ayTop uzabepe Ja I 103BOTH TIPHIGMIAIAMA JABHOCTH 44 TAKO JIOCTYMHY AOKTOPCKY JAHCCPTAIM]Y
KOpHCTC 110j1 yenosuma yrephermm jentoy o Creative Commons THLEHLM, TO He HCKBYYje NPaBO IIPULAAIHKE
JABHOCTH /12 HABE/ICHY IOKTOPCKY AUCEPTAIINjY KOPUCTE Y CKTAfy ca oupeidama 3aKoHa © ayTOPCKOM H CPOHUM
TIipaBUMa. !
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MPUTTATHUITMMA JABHOCTH A& TAKO JOCTYMHY TOKTOPCKY AUCCPTALM]Y KOPHCTE MO YCIOBUMA

yrBphennm jennom on cnenehux Creative Commons TALCIIM:

1) AytopcTBo

2) AYTOpCTBO - JEINTH TIOT HCTHM YCIOBAMa

3) Ayroperso - Oe3 npepaga

4) AyTopcTBO - HEKOMEPLIH]aTHO

5) AyTOpPCTBO - HEKOMEPITH]ATHO - ACTHUTH T HCTUM YCIOBHMA

(6 ; 6 2
6) AYTOPCTBO - HEKOMEPIHjalHo - §e3 mpepaia

Vv Kparyjesuy , 20[ g TOMHE,

C lCUrdDuf ()Q o

TIOTIIHC ayi‘opa

? Monmuyo ayrope koju ¢y uzalpain na j03R07e MPHNANIHLNMA jABHOCTH [ TAKO JIOCTYMHY JOKTOPCKY
JIMCCPTANM]Y KOPHETC Lo yealosuya yTRphennm jemnoM on Creative Commons nauchiy j1a 3d0KpysKe JeIHy ol
nonyhennx nuuckum. Jleraman canpixaj naneflelux MMUCHUHM 0CTynaH je na: hitp://creativecommons.org.rs/
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of Gal-3 in development of hepatitis induced with cytomegalovirus infection. In this
study we aimed to clarify the role of Gal-3 in murine cytomegalovirus (MCMV)-induced
hepatitis by using Gal-3—-deficient (Gal-3 KO) mice. Here we provide the evidence
that Gal-3 has the protective role in MCMV-induced hepatitis. Enhanced hepatitis
manifested by more inflammatory and necrotic foci and serum level of ALT, enhanced
apoptosis and necroptosis of hepatocytes and enhanced viral replication were detected
in MCMV-infected Gal-3 deficient mice. NK cells does not contribute to more severe
liver damage in MCMV-infected Gal-3 KO mice. Enhanced expression of TNF-a in the
hepatocytes of Gal-8 KO mice after MCMV infection, abrogated hepatocyte death, and
attenuated inflammation in the livers of Gal-3 KO mice after TNF-a blockade suggest
that TNF-a plays the role in enhanced disease in Gal-3 deficient animals. Treatment with
recombinant Gal-3 reduces inflammation and especially necrosis of hepatocytes in the
livers of MCMV-infected Gal-3 KO mice. Our data highlight the protective role of Gal-3
in MCMV-induced hepatitis by attenuation of TNF-a-mediated death of hepatocytes.
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INTRODUCTION

Infection with human cytomegalovirus (HCMV) is typically asymptomatic in immunocompetent
individuals, but in individuals with immature or deficient immune system HCMYV is a cause of
morbidity and mortality (Mocarski et al., 2007). In immunocompromised hosts, especially in
transplant recipients, HCMV induces severe hepatitis that elevates mortality (Bozza et al., 2007;
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Mocarski et al,, 2013). A better understanding of HCMV-
induced liver damage could provide insights into potential
novel therapeutic strategies for immunocompromised patients
(Livingston-Rosanoff et al, 2012). Murine CMV (MCMYV)
causes a chronic infection with initial hepatic inflammation
and damage and is the most widely used model to study the
pathogenesis of human CMV disease (Livingston-Rosanoff et al.,
2012; Brune, 2013). In C57BL/6 mice NK cells, recruited by
inflammatory monocytes, play a crucial role in the early control
of MCMYV infection by both NK cell-mediated cytotoxicity and
the production of effector cytokines (Smith et al.,, 2002; Scalzo
and Yokoyama, 2008). Infection promotes liver inflammation
by enhancing IL-18 and TNF-a production. TNF-a plays a
role in defense against MCMV infection by activation of
antiviral activities of T and NK cells (Orange and Biron,
1996), but is also critical in MCMV-induced liver damage
in normal or immunodeficient hosts (Orange et al, 1997).
TNF-a-mediated signaling is required for the development of
early necrotic foci in the livers of MCMV-infected C57BL/6]
Rag-/- mice and the NK- and T- cell-deficient E26 mice,
indicating that the main source of TNF-a are non-immune
liver cells.

Galectins play an important role in the regulation of major
cellular functions such as cell attachment, spreading, migration,
proliferation (Elola et al., 2007). Gal-3 also regulates cell signaling
and apoptosis (Markowska et al, 2011), and plays different
roles in the pathogenesis of many inflammatory, infectious
and malignant diseases (Radosavljevic et al., 2011; Volarevic
et al, 2012; Arsenijevic et al,, 2016; Simovic Markovic et al,
2016). An increased expression of Gal-3 was observed in human
T lymphotropic virus-1 infection (Hsu et al, 1996), as well
as in Junin virus-induced central nervous system lesions, but
its role in the pathogenesis of viral disease is not revealed
(Jaquenod De Giusti et al., 2011).

We have previously shown that deletion of galectin-3 gene,
Lgals3, prevents ConA-induced hepatitis and that Gal-3 regulates
the capacity of dendritic cells to promote NKT cell induced liver
injury (Volarevic et al,, 2012, 2015). Further, Lgals3 ablation
enhances liver steatosis, but attenuates inflammation and IL-
33 dependant fibrosis in mouse model of non-alcoholic fatty
liver disease (NAFLD) (Jeftic et al, 2015), and enhances bile
duct damage and liver fibrosis in xenobiotic induced primary
biliary cholangitis (PBC) (Arsenijevic et al, 2016). Also Gal-3
overexpression was found in hepatocellular carcinoma (Hsu et al.,
1999). The role of Gal-3 in viral hepatitis is not understood.

In order to explore possible role of Gal-3 in the development
of MCMV-induced hepatitis we used Gal-3 deficient mice
on C57BL/6 background and two strains of MCMV. Our
results provide the first evidence that Lgals3 deletion promotes
MCMV-induced liver inflammation and enhances MCMV-
induced hepatitis by facilitation of TNF-a-dependent hepatocyte
death. This effect appears to be independent of NK cells.
Moreover, TNF-a blockade before MCMYV infection attenuates
apoptosis of hepatocytes. Treatment of MCM V-infected Gal-3
KO mice with recombinant Gal-3 reduces liver necrosis and
inflammation. Thus, our data show that Gal-3 plays an important
role in MCMV-induced liver damage and therefore may be

a potential target for therapeutic intervention in acute CMV-
induced liver disease.

MATERIALS AND METHODS

Mice

Gal-3-deficient mice on the C57BL/6 background (Gal-3 KO)
and wild-type (WT) C57BL/6 mice (6-8 weeks of age) were
used in the experiments. Breeding pairs of WT and Gal-3
KO mice were obtained from the University of California,
Davis, United States (Davis, CA, United States; by courtesy of
D.K. Hsu and F.T. Liu). All animal procedures were approved
by the Ethics Committee of Faculty of Medical Sciences,
University of Kragujevac and conducted in accordance with the
National Institutes of Health guidelines for humane treatment
of laboratory animals. Unless otherwise stated each experimental
group in each experiment contained six animals.

Viruses

The bacterial artificial chromosome (BAC)-derived MCMV
strain MW97.01 has previously been shown to be biologically
equivalent to MCMYV strain Smith (VR-1399) and is hereafter
referred as WT MCMV (Wagner et al., 1999). Mice were injected
intraperitoneally (ip.) with 1 x 10° PFU of MCMV strain
MW?97.01 in a volume of 200 pL of diluent (PBS). Mice were
also infected with MW97.01, the mutant virus lacking m157 gene
(Am157 MCMYV) intravenously (i.v.) with 2 x 10° PFU in a
volume of 100 L of diluent (PBS).

Serum Levels of Transaminases

Serum levels of asparate aminotransferase (AST) and alanine
aminotransaminase (ALT) were measured 36 and 72 h after
MCMV infection by 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,
expressed in U/L.

Histological Analyses

The isolated livers were fixed in 10% phosphate-buffered
formalin, embedded in paraffin, and consecutive 4 pum tissue
sections were cut at various depths and mounted on slides.
Sections were stained with Hematoxylin and Eosin (H&E) and
every fourth (six slides) was evaluated for inflammation and
necrosis in the liver. Section examined under low-power light
microscopy (BX51; Olympus) equipped with digital camera.
Scores of cumulative liver pathology for inflammation and
necrosis were presented using the following scoring system:
0, normal (no pathology); 1, mild (1-3 abnormal areas); 2,
moderate (3-5 abnormal areas); 3, severe (>5 abnormal areas).
To determine the number of inflammatory infiltrates, whole liver
tissue was sectioned at three non-subsequent depths and ten
different fields were counted/section. Histological samples were
blinded prior to evaluation.

Frontiers in Microbiology | www.frontiersin.org

February 2019 | Volume 10 | Article 185

141



Stojanovic et al

Gal-3 Attenuates MCMV-Induced Hepatitis

Immunohistochemical Detection of
Galectin-3 and TNF-o

Formalin-fixed, paraffin-embedded mouse liver tissue sections
were incubated with rabbit anti-TNF-a (ab66579, Abcam), rabbit
anti-caspase-3, active/cleaved (NB100-56113, Novus Biologicals),
anti-caspase 3 and rabbit anti-Gal-3 (ab53082, Abcam). Sections
were visualized by rabbit-specific conjugate (Expose Mouse
and RabbitSpecific HRP/DAB Detection IHC Kit; Abcam)
and photomicrographed with a digital camera mounted on
light microscope (BX51; Olympus). Virus-infected cells were
visualized by anti-IE1 staining (MCMYV protein expressed with
early kinetics).

Detection of Cell Death by TUNEL

Staining

TUNEL (terminal deoxynucleotidyl transferase mediated
dUTP nickend labeling) staining was performed to assess
death hepatocytes in livers sections. Formalin-fixed, paraffin-
embedded tissue sections were stained with in situ Cell Death
Detection Kit, POD (Roche) following the instructions of
manufacturer. DAB (3,3'-diaminobenzidine) as peroxidase
substrate, was used to yield the characteristic brown color for
nuclei. Slides were counterstained with hematoxylin solution
and photomicrographed with a digital camera mounted
on light microscope. The TUNEL-positive nuclei (brown)
were quantified under x400 magnification in five randomly
fields and the data were summarized as the mean number of
positive cells.

Isolation of Hepatic Mononuclear Cells
and Flow Cytometry

The isolation of liver-infiltrating inflammatory mononuclear
cells was conducted as previously described (Volarevic et al,
2012). The isolated liver-infiltrating mononuclear cells were
stained with fluorochrome-conjugated antibodies, including
CD3, CD49%, CD8, NKG2D, CD69, perforin, granzyme B,
NF-kB, IFN-y, IL-10, IL-17, and TNF-a. Isotype Abs with
matching conjugates were used as negative controls. For
intracellular staining, cells were activated with PMA/ionomycin
and processed as previously described (Milovanovic et al., 2012).
Cells were analyzed with the FACSCalibur Flow Cytometer
(BD Biosciences), and analysis was conducted with FlowJo
(Tree Star).

Infliximab Treatment

In order to inhibit production of TNF-a, mice were injected with
chimeric monoclonal antibody, Infliximab (Remicade, JANSSEN
BIOLOGICS B.V.), 5 mg/kg in 200 j.L of saline intraperitoneally
1 h before MCMV infection. Mice were sacrificed 48 h
after infection.

Treatment With Recombinant Galectin-3

WT and galectin-3 KO mice were treated with
recombinant Galectin-3, 5 g per mouse (Peprotech,
Rocky Hill, NJ, United States) intraperitoneally, 2 h

before MCMYV infection. Mice were sacrificed 36 h after
MCMYV infection.

Isolation of Hepatocytes and Flow
Cytometry

Hepatocytes were isolated as previously described (Li et al., 2010).
Briefly, extirpated livers were transferred HBSS, cutinto 1 mm?
size pieces and washed in complete DMEM. Dissected tissue
was centrifuged at 800 x G for 4 min, pellet resuspended in
digestion medium (0.6% NaCl, 0.05% KCI, 1.2% HEPES, 0.07%
CaCl2, 3 g/mL collagenase type I) and incubated for 20 min
at 37°C. After incubation cells centrifuged at 800 x G for
4 min, pellet was washed twice in a complete DMEM, passed
through the 100 pm filter and cells centrifuged at 600 x G
for 4 min. Pellet that contains hepatocytes was resuspended in
DMEM medium with FBS. Isolated hepatocytes were washed in
cold PBS and resuspended in 1X binding buffer (10X binding
buffer: 0.1 M Hepes/NaOH (pH 7.4), 1.4 M NaCl, 25 mM CaCl2)
at concentration 1 x 10°/mL. Annexin FITC and propidium
iodide (PI) were added to the 100 L of cell suspension and
incubated for 15 min at room temperature (25°C) in the dark.
After incubation 400 L of 1X binding buffer was added to each
tube and stained cells were analyzed within 1h using FACSCalibur
(BD, San Jose, United States) and FlowJo software (Tri Star).
For detection of cell surface expression of calreticulin, isolated
hepatocytes were stained with anti-calreticulin antibody (Abcam)
and analyzed by FACSCalibur (BD, San Jose, United States) and
FlowJo software (Tri Star).

Measurement of TNF-« and HMGB1

Levels of TNF-a and HMGBI in the liver homogenate were
measured using ELISA kits (R&D Systems, Minneapolis, MN,
United States for TNF-a and Elabscience for HMGB1) according
to the manufacturer’s instructions.

Statistical Analysis

All statistics were carried out using SPSS 18.0 for Windows
software. Results were analyzed using the Student’s f-test or
Mann-Whitney test and ANOVA or Kruskal-Wallis. Data in
this study were expressed as the mean + SE or +SD. Values of
P < 0.05 were considered significant.

RESULTS

MCMYV Infection Increases the

Expression of Galectin-3 in Hepatocytes

Previously, we have shown very weak expression of Gal-3 in the
liver parenchyma and biliary epithelial cells in healthy C57BL/6
mice (Arsenijevic et al., 2016). Also we found strongly enhanced
expression of Gal-3 in patients with virus induced hepatitis
(Volarevic et al., 2015). To explore the effect of MCMYV infection
on Gal-3 expression in mouse livers, immunostaining of Gal-
3 in the livers of WT and Gal-3 KO mice was done 36 and
72 h after MCMV infection. Time-dependent increase of Gal-
3 expression in hepatocytes after MCMV infection was noticed
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FIGURE 1 | Acute MCMV infection increases Gal-3 expression in hepatocytes. (A) Representative sections of Gal-3 expression in the liver of WT and KO mice 36
and 72 h after MCMV infection with 1 x 10° PFU/animal and the control uninfected liver from WT and KO mice. (B) Liver tissue was sectioned at three
non-subsequent depths. Gal-3 positive hepatocytes were counted in ten different fields and presented as mean number + SD of positive cells per section, six mice

per group, ***p < 0.001.

in the livers of WT mice (Figure 1A). Significantly higher
number of Gal-3 expressing hepatocytes per field was noticed
72 h after infection when compared with liver sections obtained
36 h after MCMYV infection (Figure 1B). As a control, Gal-
3 was not detected in the livers of untreated and KO infected
mice (Figure 1A).

The Abscence of Gal-3 Enhances Virus
Induced Hepatitis and MCMV Titers in

the Liver

In light of increased Gal-3 expression in hepatocytes of MCVM-
infected mice, we wanted to explore the role of Gal-3 in overall
severity of MCMV-induced hepatitis. For this, histological and
serological parameters of liver damage were analyzed in WT
and Gal-3 KO mice, 36 and 72 h after MCMV infection.
Histological parameters related to MCMV-induced hepatitis,
liver inflammation and necrosis were more pronounced in
Gal-3 KO mice, 36 and 72 h after infection (Figures 2A,B).
No difference in the architecture of liver tissue was noticed

between WT and Gal-3 KO uninfected mice (Figure 2A). Bigger
necrotic areas and inflammatory foci were observed in the livers
of Gal-3 KO mice in comparison with WT mice, 36 h after
infection (Figures 2A,B). Similar differences between Gal-3 KO
and WT mice in the size of necrotic areas were observed 72 h
after infection also (Figures 2A,B). At this time point, there
was no difference in the size of inflammatory foci between
the two groups (Figure 2A), but Gal-3 KO mice had higher
number of smaller inflammatory foci compared with WT mice
(Figure 2A). Although HCMYV infection in immunocompetent
hosts is subclinical, it is often accompanied with elevated serum
levels of transaminases. Thus, we examined the level of alanine
transaminase (ALT) in the sera of infected mice. In line with
histological findings, we observed significantly higher level of
ALT in the sera of Gal-3 KO mice 36 h after MCMYV infection,
compared to WT mice (Figure 2C).

In order to further analyze the liver damage in WT and KO
mice after MCMV infection we used TUNEL assay. As shown
in Figures 2D,E, 72 h after MCMV infection, the livers of Gal-
3 KO mice contains significantly higher number of TUNEL
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FIGURE 2 | Galectin-3 deficiency enhances MCMV-induced hepatitis. WT and Gal-3 KO mice were i.p. infected with 1 x 10° PFU/animal. Livers were analyzed 36
and 72 h after virus infection. (A) H&E staining of paraffin embedded liver sections. Black arrows highlight necrotic areas, and white arows indicate inflammatory
foci. (B) Scores of cumulative liver pathology for apoptosis/necroptosis and inflammation; the height of each bar represents the mean of the total histological score (6
animals per group). (C) ALT levels were determined in the serum 36 and 72 h after virus infection. (D) TUNEL staining of liver sections 72 h after MCMV infection.

(E) Quantitative analysis of cell death rate: TUNEL-positive nuclei (brown) were counted in five random fields, and the data were summarized as the mean number of
positive cells. (F) Apoptotic cells were visualized by anti-caspase-3 staining (shown in red). Two representative images are shown/group. (G) Apoptosis of
hepatocytes isolated from MCMV infected WT and KO mice was analyzed by flow cytometry using Annexin V (FITC) and Pl double staining. (H) Concentration of
HMGB1 in the liver tissue homogenate 36 h p.i. determinated by ELISA. (1) Percentage of hepatocytes expressing membrane surface calreticulin isolated from the
livers 36 h p.i. determined by flow cytometry. (J) Viral titres in liver is determined by standard plaque assay at 3 days p.i. (K) Virus-infected cells are revealed by
anti-IE1 staining (shown in brown). Two representative images are shown/group. The data are presented as means +SE, or means+SD, 7 mice per group,

***p < 0.001; *p < 0.05; two tailed, unpaired Student’s t-test.
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positive (brown nuclei) hepatocytes than the livers of WT mice.
Moreover, higher number of apoptotic (caspase 3 positive)
cells per one inflammatory infiltrate was detected in Gal-3 KO
compared to the WT livers (Figure 2F, red dots). To confirm
the increased apoptosis of hepatocytes in Gal-3 KO mice, we
isolated hepatocytes from WT and Gal-3 KO mice 72 h after
MCMYV infection and measured the percentage of apoptotic cells
by flow cytometry. In line with histological observations, we
detected significantly higher percentage of apoptotic (Annexin
V positive) hepatocytes isolated from infected Gal-3 KO mice,
compared with those from WT mice (Figure 2G). Given the
marked necrotic fields in the liver sections from Gal-3 KO mice
(Figures 2A,B) and the ability of MCMYV to induce necroptosis
(Upton et al., 2017), we examined markers of necroptotic death,

HMGBI in liver tissue homogenates and membrane expression
of calreticulin on hepatocytes, 36 h after infection. We have
found significantly higher concentration of HMGBI in the liver
homogenates (Figure 2H) and higher percentage of hepatocytes
expressing calreticulin on membrane surface (Figure 2I) in Gal-3
KO mice in comparison with infected WT mice.

In the livers of Gal-3 KO mice, there is a significant
increase in viral titers compared to the livers of wild-type mice
(Figure 2J). There was no significant difference in viral titers in
lung and spleen between WT and Gal-3 KO mice, 72 h after
infection (Supplementary Figure S1A). At 8 days post-infection
(Supplementary Figure S1B), viral plaques in spleen were not
detected with the exception of a very low titer in one Gal-3 KO
animal. In lungs, liver and salivary gland, viral plaques were
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FIGURE 4 | Galectin-3 deficiency enhances the expression of TNF-a in hepatocytes of infected animals. (A) Sections of TNF-a liver immunohistochemistry 36 and
72 h after MCMV infection. (B) Quantitative analysis of TNF-a positive hepatocytes: positive hepatocytes were counted in five random fields, and the data were
summarized as the mean number of positive cells. (C) Concentration of TNF-a in the liver tissue homogenate determinated 72 h p.i. by ELISA. Percentage of
TNF-a+ (D) and NF-kB+ (E) hepatocytes and (F) total number of CD11c+ TNF-a+ cells determined by flow cytometry 72 h after infection. Data are presented as the

mean + SE, six mice per group, *p < 0.05, ***p < 0.001, two tailed, unpaired Student’s t-test.

readily detected but no significant differences were observed
between the two groups. Lastly, to demonstrate the presence
of virus-infected cells, sections of liver were stained with an
antibody against IE1, a MCMV protein expressed with early
kinetics. As shown in Figure 2K, in the liver tissue of Gal-3 KO
mice, higher number of infected cells was observed compared to
the WT animals.

Together, previous data indicate protective role of Gal-3
in MCMV-induced hepatitis, possibly relating to its increased
expression in hepatocytes and known role of Gal-3 in attenuation
of cell death (Takenaka et al., 2004).

Enhanced Disease in Gal-3 KO Mice Is

Independent of NK Cell Activation

Taking into account the facts that NK cells play a crucial role
in the early immune response against MCMV in C57BL/6 mice
(Scalzo and Yokoyama, 2008) and that NK cells contribute
to liver damage in viral infections (Zheng et al., 2015), we
explored the possibility that bigger liver damage in infected Gal-
3 KO mice is a consequence of stronger NK cell activity. We
analyzed the presence and the phenotype of NK cells in liver
mononuclear infiltrates in WT and Gal-3 KO mice, 36 and
72 h after MCMYV infection. There was no statistically significant
increase in the percentage and total number of NK cells in the
livers of infected Gal-3 KO mice in comparison with uninfected
Gal-3 KO mice (Figures 3A,B). On the other hand, MCMV
infection induced a significant increase in both total number and
percentage of NK cells in the livers of WT mice (Figures 3A,B).
Total number of IFN-y expressing NK cells 36 h after MCMV
infection was significantly higher in the livers of WT mice in

comparison with Gal-3KO mice, while 72 h after infection this
difference lost significance (Figure 3C). No significant difference
in the percentage and total number of NK cells expressing IL-
17 was noticed between the groups. Lastly, total number of
IL-10 positive NK cells was significantly higher in the liver
of Gal-3 KO mice in comparison with WT mice, 36 h after
infection (Figure 3C).

In order to exclude the role of NK cells in the higher liver
damage in Gal-3 KO mice, we analyzed liver damage in WT
and KO mice after infection with Am157 MCMYV, the mutant
virus lacking m157 gene, which does not stimulate NK cells. As
observed for WT MCMYV, the inflammatory cell infiltrates were
readily observed in the liver tissue of both wild-type and Gal-3
KO infected mice (Figure 3D, black arrows). No difference in
the size of infiltrates was observed between the two groups but,
interestingly, the number of infiltrates was significantly higher
in Gal-3 KO mice compared to the wild-type mice (Figure 3E).
Thus, enhanced liver damage in MCMV-infected Gal-3 KO mice
does not appear to relate to NK cell activity.

The Expression of TNF-o in Hepatocytes

Is Increased in MCMV-Infected Gal-3 KO
Mice

Based on our finding of enhanced necoptosis in Gal-3 KO
mice and the fact that TNF-a signaling triggers necroptosis
(Vandenabeele et al,, 2010) and is required for MCMV-induced
liver damage (Orange et al., 1997), TNF-a detection in the livers
of MCM V-infected mice was done. The expression of TNEF-
a in hepatocytes was detected by immunostaing the livers of
MCM V-infected mice both, WT and Gal-3 KO (Figure 4A).
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The number of TNF-a positive hepatocytes was significantly
higher in the livers of Gal-3 KO mice compared to the group of
infected WT mice, 36 and 72 h after infection (Figure 4B). Also,
the concentration of TNF-a in the liver tissue homogenate was
significantly higher in the group of Gal-3 KO mice compared to
the group of WT mice, 72 h after MCMYV infection (Figure 4C).
Further, significantly higher percentage of TNF-a+ hepatocytes
(Figure 4D), and total number of TNF-a+ CDIllc+ cells
(Figure 4E), analyzed by flow cytometry 72 h after MCMV
infection, were found in the group of Gal-3 KO mice in
comparison with WT mice. In accordance with the role of
NF-«B in the promotion of TNF-a expression and its role in
TNF-o mediated actions, significantly higher percentage of NF-
KB+ hepatocytes was found in the group of Gal-3 KO mice in
comparison to WT mice, 72 h after infection (Figure 4F). These

results suggest that higher TNF-a expression in hepatocytes and
immune cells could be the cause of enhanced MCMV-induced
hepatocyte death observed in Gal-3 KO mice.

Inhibition of TNF-o Binding Alleviates

MCMV-Induced Hepatitis

In order to further explore the possibility that TNF-a plays
a role in enhanced MCMV-induced liver damage in Gal-3
deficient animals, pharmacological inhibition of TNF-a with
infliximab was done before infection. In the control group of
WT mice, TNF-a blockade before MCMV infection did not
alter liver inflammation or necrosis, while a pre-treatment of
MCMV-infected Gal-3 KO mice with infliximab significantly
decreased liver inflammation and necrosis (Figures 5A-C). Liver
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of untreated MCMV-infected Gal-3 KO mice contained bigger
inflammatory and necrotic foci in comparison to the liver
of infliximab-pretreated mice (Figure 5A). Also, the TNF-a
blockade before MCMYV infection significantly decreased serum
levels of ALT in Gal-3 KO mice (Figure 5D). Ameliorated
MCMV-induced hepatitis in Gal-3 KO mice treated with
infliximab supports the role of TNF-a in enhanced disease in
Gal-3 deficient animals.

Exogenous Gal-3 Alleviates

MCMV-Induced Liver Damage

To confirm the protective role of Gal-3 in MCMV-induced
hepatitis disease severity in WT and Gal-3 KO mice treated
with recombinant Gal-3 was evaluated. Administration of
recombinant Galectin-3 did not significantly alter inflammation
and necrosis in WT mice (Figures 6A,B). Although we have
not observed an altered number of inflammatory foci per liver
in WT mice, there was an increase in their size (Figure 6A,
white arrows). Gal-3 KO mice treated with recombinant

Galectin-3 had lower histological score of necrosis and
inflammation and lower number of inflammatory and necrotic
foci per section, 72 h after MCMV infection (Figures 6A-D).
Alleviated disease in Gal-3 KO mice treated with recombinant
Galectin-3 confirms the protective role of Gal-3 in MCMV
induced hepatitis.

DISCUSSION

Here, we provide the first evidence that Gal-3 plays a protective
role in MCMV-induced hepatitis as indicated by higher liver
damage, serum levels of ALT and higher virus titers in Gal-
3 deficient mice (Figure 2). Further exogenous Gal-3 alleviates
MCM V-induced liver damage (Figure 6).

Several clinical studies indicate an increased serum level
of Gal-3 in viral infections (Ten Oever et al, 2013; Lukic
et al., 2017), and point out Gal-3 as a potential marker of
viral infection (Kobayashi et al, 2015). Findings obtained in
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animal model of coxsackievirus B3 virus induced cardiac injury
in C57BL/6 mice studies indicate a protective role of Gal-
3 in viral-induced diseases (Jaquenod De Giusti et al,, 2015).
Here, we show that Gal-3 gene deletion leads to accelerated
liver damage induced by MCMV infection. In C57BL/6 mice,
Gal-3 deletion enhances liver disease which is characterized by
higher liver infiltrates and necrosis (Figures 2A,B), increased
serum level of ALT (Figure 2C), enhanced apoptosis and
necroptosis of hepatocytes (Figures 2D-I), higher viral titers
(Figure 2J) and higher number of MCMV-infected cells
in liver (Figure 2K). Further, a pretreatment of MCMV-
infected Gal-3 KO mice with recombinant Gal-3 reduced the
inflammation and liver damage in MCMV-induced hepatitis
(Figure 6). The diverse effects of Gal-3 in different inflammatory
conditions depend on the dominant pathogenic mechanisms
involved. In macrophage mediated carditis and cardiac fibrosis
induced by coxsackievirus B3 virus disruption of Gal-3 gene,
or pharmacological inhibition of Gal-3, has the protective
role (Jaquenod De Giusti et al, 2015). We also previously
reported that Gal-3 gene deletion alleviates T and NKT
cell mediated hepatitis (Volarevic et al, 2012, 2015). But,
in line with finding of this study is our previous report
that Gal-3 gene deletion aggravates xenobiotic induced PBC
(Arsenijevic etal., 2016) due to enhanced hepatocyte apoptosis
and release of autoantigens.

NK cells play a crucial role in the early immune response
against murine cytomegalovirus infection and in the clearance

of MCMV in C57BL/6 mice (Scalzo and Yokoyama, 2008).
NK cells, also contribute to liver damage in viral infections
(Zheng et al,, 2015). Although NK cells express Gal-3 that
mainly downregulates their inflammatory and cytotoxic activities
(Radosavljevic et al., 2011), higher liver damage in Gal-3 KO
mice was not accompanied with higher activity of NK cells
(Figure 3). Here, we have demonstrated that WT mice had
higher influx of NK cells in the liver in comparison with Gal-
3 KO mice (Figures 3A,B). Higher total number of IFN-y
expressing and lower total number of IL-10 expressing NK
cells was noticed in the livers of WT mice (Figure 3C). In
accordance with previous report that NK cells as the main
source of IFN-y, which plays a pivotal role in the antiviral
response (Jost and Altfeld, 2013), our results indicate that
lower viral titers in the livers of WT mice (Figure 2J) are
the result of enhanced activity of NK cells in these mice in
comparison with Gal-3 KO mice. The absence of NK cells
involvement in higher liver damage in Gal-3 KO mice was
confirmed by experiments with MCMV Am157 infection. The
stimulation of activating Ly49H receptor of NK cells with
MCMV-encoded protein m157, has a crucial role in early
MCMYV control and resistance to MCMYV infection (Smith
et al, 2002). The deletion of ml157 gene or blocking the
Ly49H receptor on NK cells abrogates the control of MCMV
infection in most of the organs (Brown et al, 2001; Lee
et al, 2001; Bubic et al, 2004; Sumaria et al, 2009). Higher
number of liver infiltratesin Gal-3 KO mice infected with
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MCMV Am157 in comparison with MCMV Am157 infected WT
mice (Figures 3D,E) suggests that higher activity of NK cells
doesn’t play important role in enhanced liver damage of Gal-
3 KO mice.

Acute MCMYV infection generates an early systemic
inflammatory response characterized by high levels of TNF-
a, IL-12, IFN-y, and type I IFNs (Orange and Biron, 1996;
Nguyen et al, 2002). TNF-a mediates MCMV-induced liver
damage independently of T and NK cells. It is required for
the development of early hepatic necrotic foci and increased
levels of liver enzymes (Orange et al, 1997). Our results
indicate that hepatocytes are a significant source of TNF-a in
MCMYV infection (Figure 4). Although TNF-a is traditionally
described as cytokine secreted by the cells of innate immunity
(Wajant et al., 2003), tissue-specific cells also produce TNF-a
(Gonzalez-Amaro et al., 1994; Bluml et al, 2012; Yoshigai
et al., 2014). Production of TNF-a in the livers of MCMV
infected mice depends on TLR3, TLR7, and TLRY signaling
(Zucchini et al., 2008; Crane et al., 2012) and also on activity of
MAPK-activated protein kinase 2 (Ehlting et al., 2016). Since,
we found MCMV-infected hepatocytes (Figure 2K) it can be
assumed that MCMV directly stimulates TNF-a production
in hepatocytes. We detected higher expression of TNF-a and
higher number of TNF-a expressing hepatocytes in the liver
of MCMV-infected KO mice (Figure 4). Additionally, TNF-a
blockade with monoclonal antibody, Infliximab, significantly
reduced hepatocyte death in MCMV-infected mice, especially
in Gal-3 KO mice (Figure 5). TNF-a sensitizes hepatocytes to
both caspase-dependant and caspase-independent apoptosis
(Jones et al., 2000), and triggers necroptosis (Vandenabeele
et al, 2010). Taking into account these observations, it
appears that the higher production of TNF-a in hepatocytes
of MCMV-infected Gal-3 KO mice contributes to greater
liver damage.

Normal hepatocytes do not express Gal-3 in humans
(Arsenijevic et al, 2016), but expression of Gal-3 is increased
in different liver diseases (Shimonishi et al., 2001). Here, we
have shown no Gal-3 expression in hepatocytes of untreated
mice and a time-dependant increase of Gal-3 expression in
hepatocytes of MCMV-infected WT mice (Figures 1A,B).
This finding is in accordance with previously reported up-
regulated expression of Gal-3 in mouse CNS tissue after
encephalomyocarditis virus infection (Kobayashi et al., 2015)
and in microglia and astrocytes of mice infected with Junin
virus (Jaquenod De Giusti et al, 2011). Recently, it has been
shown that TNF-a increases expression of Gal-3 (Okamoto
et al, 2019), indicating that MCMV-induced Gal-3 expression
in hepatocytes could be the result of virus-induced TNF-a
production. The deletion of galectin-3-encoding gene sensitizes
human keratinocytes, colorectal cancer cells, leukemia cells,
human renal cell carcinoma and cholangyocarcinoma cells to
apoptosis (Shi et al, 2007; Wongkham et al., 2009; Cheng
et al, 2011; Xu et al, 2013), whereas the overexpression of
Lgals3 protects the cells from apotosis (Takenaka et al.,, 2004).
Gal-3 inhibits TNF-related apoptosis-inducing ligand, TRAIL,
induced apoptosis by activation of the PI3K/Akt pathway which
blocks loss of the mitochondrial membrane potential, resulting

in inhibition of caspase-9 and caspase-3 activation (Oka et al,,
2005). In accordance with this, we found higher percentage
of TNF-u positive (Figures 4A-D) and apoptotic hepatocytes
(Figures 2D-G) in infected Gal-3 KO mice, compared to WT
mice. Further, we found significantly higher HMGBI release
(Figure 2H) and percentage of calreticulin positive hepatocytes
(Figure 2I), markers of necroptotic death (Kepp et al,, 2014), in
the livers of infected Gal-3 KO mice compared with WT mice.
HMGBI binds to several receptors on the surface of immune cells
(TLR2, TLR4, RAGE) and mediates strong inflammation (Scaffidi
et al., 2002), while exposed calreticulin binds to receptors on
antigen presenting cells and stimulates phagocytosis (Chao et al.,
2010). It can be assumed that higher necroptosis of hepatocyte in
Gal-3 deficient mice, early after MCMV infection, accompanied
with higher release of HMGBI1 (Figure 2J), enhances liver
inflammation and TNF-a production in innate immune cells
(Figure 4F) which in turn activates NF-kB in hepatocytes and
subsequently augments the expression of innate cytokines (TNF-
a) in hepatocytes (Zhou et al., 2016) leading to enhanced liver
damage.

Finally, our data suggest that the increased expression of
Gal-3 in MCMV-infected livers protects hepatocytes from TNEF-
a facilitated apoptosis and necroptosis, and consequentially
attenuates liver damage in MCMV-induced hepatitis (Figure 7).
This findings combined with reduced MCMV-induced liver
damage after recombinant Gal-3 treatment indicate protective
role for Gal-3 in MCMV-induced liver damage, which can be of
therapeutic relevance.
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i Galectin-3 (Gal-3) is a carbohydrate binding lectin, with multiple roles ininflammatory diseases and

i autoimmunity including its antiapoptotic effect on epithelial cells. In particular, increased expression

: of Gal-3in epithelial cells is protective from apoptosis. Based on the thesis that apoptosis of biliary

: epithelial cells (BECs) is critical to the pathogenesis of Primary Biliary Cholangitis (PBC), we have

: analyzed the role of Gal-3 in the murine model of autoimmune cholangitis. We took advantage of

¢ Gal-3 knockout mice and immunized them with a mimotope of the major mitochondrial autoantigen

: of PBC, 2-octynoicacid (2-OA) coupled to BSA (20A-BSA) and evaluated the natural history of

: subsequent disease, compared to control wild-type mice, by measuring levels of antibodies to PDC-E2,
: immunohistology of liver, and expression of Gal-3. We report herein that deletion of Gal-3 significantly

i exacerbates autoimmune cholangitis in these mice. This is manifested by increased periportal

i infiltrations, bile duct damage, granulomas and fibrosis. Interestingly, the BECs of Gal-3 knockout mice
: had a higher response to apoptotic stimuli and there were more pro-inflammatory lymphocytes and

i dendritic cells (DCs) in the livers of Gal-3 knockout mice. In conclusion, Gal-3 plays a protective role in

i the pathways that lead to the inflammatory destruction of biliary epithelial cells.

¢ Gal-3, a member of the 3-galactoside-binding lectin family, is expressed in various tissues and cell types. Gal-3
¢ modulates numerous cellular functions and can be found in the cytoplasm, the nucleus, on the surface of cells
¢ and in extracellular space'. 'Extracellular Gal-3 modulates cell adhesion to different extracellular matrix com-
¢ ponents by lattice formation and cross-linking of matrix molecules and cell surface glycoproteins. Furthermore,
i extracellular Gal-3 can modulate signaling pathways by binding to cell surface ligands and promotes apoptosis.
¢ On the other hand, intracellular Gal-3 suppresses apoptosis, promotes cell growth, and can regulate signal trans-
¢ duction. In the nuclei, Gal-3 exhibits transcriptional activity and promotes proliferation of cells®. Intranuclear
i Gal-3 overexpression can be found in many types of cancers. Gal-3 is also involved in the pathogenesis of many
¢ chronic inflammatory and malignant diseases®*. Epithelial cells of normal intrahepatic bile ducts constitutively,
¢ but weakly express Gal-3, while its expression is strongly increased in intrahepatic cholangiocarcinoma®'’.
: Intracellular Gal-3 in epithelial cells have anti-apoptotic effects’. For example, increased expression of Gal-3 in
¢ keratinocytes after their exposure to UV light protected them from apoptosis''.

: These observations on Gal-3 are particularly noteworthy for PBC, which is characterized by a multi-lineage
i response to the major mitochondrial autoantigen, PDC-E2. There have been extensive studies on the natural
¢ history of PBC, including the multiple pathways that lead to immunopathology in both humans and mice'>%.
: These data illustrate several principles. Firstly, genetic predisposition plays a critical role. Secondly, both innate

: ICenter for Molecular Medicine and Stem Cell Research, Faculty of Medical Sciences, University of Kragujevac,
i Serbia.2Department of Internal Medicine, Faculty of Medical Sciences, University of Kragujevac, Serbia. *Division
. of Rheumatology, Allergy and Clinical Immunology, University of California at Davis School of Medicine, Davis, CA,
: USA. Correspondence and requests for materials should be addressed to M.M. (email: marijaposta@gmail.com) or
¢ M.L.L.(email: miodrag.lukic@medf.kg.ac.rs)

SCIENTIFIC REPORTS | 6:23348 | DOI: 10.1038/srep23348 1

153



www. nature.com/scientificrepo

B
Gal-3 serum level
25 - *
20 »
2’15 : i
10 .
L}
o lk._. - e
0

= healthy controls =PBC

Figure 1. Gal-3 is overexpressed in BECs and level of Gal-3 is increased in the serum PBC patients. (A)
Immunohistochemistry of Gal-3 in liver pathology a) PBC, b) viral hepatitis B, ¢), viral hepatitis C, d) sclerosing
cholangitis (Gal-3 expression in BECs, black arrows; no Gal-3 expression in sclerosing bile ducts, red arrows).
(B) Serum level of Gal-3 determined in eleven patients irrespectively of histological stage of disease and eleven
healthy age and sex matched controls. Data were analyzed by Student t test and presented as mean + SE, or
sccater plot *p < 0.05.

and adaptive responses are involved at different stages of disease. Thirdly, women are more commonly affected.
Though this finding remains unexplained, it is suggested to be a consequence of both hormonal and genetic fac-
tors including epigenetic events on the X chromosome?®~2,

An interesting thesis on PBC is that BECs are not passive bystanders in PBC. Through variable expression of
adhesion molecules, costimulatory molecules and proinflammatory cytokines, BECs can modulate the intensity
of the inflammatory processes upon stimulation®. BECs are also susceptible to apoptosis*. During this process
the major mitochondrial autoantigen, PDC-E2, remains immunologically intact® and is expressed at the luminal
surface of the small bile duct cells*®. Autoreactive lymphocytes can be activated by antigen(s) originating from
apoptosomes released from BECs*. Apoptotic BECs can also stimulate the release of proinflammatory cytokine
from monocyte-derived macrophages*.

Animal models of PBC include the immunization of C57BL/6 mice with 2-octynoic acid (2-OA) coupled to
BSA, which is characterized by high titer of anti mitochondrial antibodies (AMAs), portal inflammation, and
immune mediated cholangitis similar to human PBC*. We report herein that in this experimental model of PBC,
Gal-3 deletion exacerbates the natural history of disease, including portal inflammation and fibrosis. We submit
that this is the result of enhanced release of autoantigen and an increase in stimulation of antigen presenting cells.

Results

BECs expression and serum level of Gal-3 isincreased in PBC patients. We have previously shown
that Gal-3 is expressed very weakly in the biliary epithelial cells and liver parenchyma in healthy controls but
is strongly expressed in patients with drug and virus induced hepatitis (7). To understand the role of Gal-3 in
human PBC, we examined the expression of Gal-3 in liver tissue sections of patients diagnosed with PBC. Gal-3
overexpression was observed in the cytoplasm and nucleus of BECs in patients with PBC (Fig. 1A). Additionally,
serum level of Gal-3 was significantly higher in the group of eleven PBC patients compared to eleven paired
healthy controls (p < 0.05) (Fig. 1B). As in previous studies there was no significant expression of Gal-3 in healthy
livers (7). However, high levels of Gal-3 expression were also detected in BECs of patients with viral hepatitis B
and C. Furthermore, intracytoplasmic and intranuclear overexpression of Gal-3 in BECs of patients with viral
hepatitis B and C was also accompanied by intra-hepatocyte and extracellular overexpression of Gal-3 around
inflammatory infiltrates. On the other hand, Gal-3 was mostly absent in BECs of patients with sclerosing cholan-
gitis, was and is only weakly expressed in the cytoplasm.

Gal-3 deficiency exacerbates primary biliary cholangitis induced with 20A-BSA. To examine
the role of Gal-3 in a mouse model of PBC, we immunized C57BL/6 WT and Gal-3 KO mice with the xenobiotic,
20A-BSA, and measured the parameters of PBC. Untreated Gal-3 KO mice at 4 months of age did not develop
any liver pathology (Fig. 2D). At eight weeks after immunization. 10/10 tested Gal-3 KO mice developed gran-
uloma and 9/10 tested Gal-3 KO mice developed liver fibrosis. In contrast, only 5/10 of WT mice developed
granuloma and 4/10 WT mice had fibrosis with 20A-BSA treatment (Fig. 2A). This is similar to previous data on
C57BL/6 mice®. Periportal infiltration was more pronounced in Gal-3 KO mice (Fig. 2A,D). There is no statisti-
cal difference in the degree of periportal inflammation, infiltration of bile ducts without damage, infiltration and
damage of bile ducts, and subcapsular infiltrates (score 1), between Gal-3 K/O and WT mice (Fig. 2B). However,
the extent of granuloma formation and fibrosis (score 2) was significantly higher in Gal-3 KO mice than W'T mice
(p < 0.05; Fig. 2B). Furthermore, the number of mononuclear cells was significantly higher in livers of Gal-3 KO
mice (Fig. 2C) at eight weeks after disease induction (p < 0.005). Only small periductal infiltrates were observed
in immunized WT mice (Fig. 2Da-c). In contrast, large inflammatory foci were present both around the bile duct
and liver parenchyma in immunized Gal-3 KO mice (Fig. 2Dd-f). Obliterated ducts were frequently found in
Gal-3 KO mice (Fig. 2Dc,f), but not in WT mice (not shown). We also found significant increase in serological
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Figure 2. Deletion of Gal-3 enhanced PBC in C57BL/6 mice. (A) Number of mice with parameters of liver
inflammation, granuloma formation, and fibrosis. (B) Total score I (liver infiltration and bile duct damage) and
score II (liver fibrosis and granuloma formation). (C) Total number of mononuclear cells. (D) Representative
liver sections of immunized WT (a-c) and Gal-3 KO (d-f); non-immuniezed WT (g,h) and Gal-3 KO (i,j)
mice, arrows indicate: periductal mononuclear cell infiltrate (black); parenchymal infiltration (red); granuloma
formation (violet); bile duct damage (yellow); bile duct obliteration (blue); no infiltration in control mice
(green). (E) Serum levels of anti-PDC-E2 antibodies in non-immunized mice (week 0) and 4, 6, and 8 weeks
after immunization with xenobiotic. (F) AST/ALT ratio in serum. Data presented as mean+ SE, 9 mice per
group, *p < 0.05, **p < 0.005.

anti-PDC-E2 IgG, IgM and IgA at four weeks after immunization in both groups of mice, with no difference in
IgM and IgG levels between WT and Gal-3 KO mice (Fig. 2E). However, serum anti- PDC-E2 IgA antibody was
significantly higher in Gal-3 KO mice compared to WT mice (p < 0.05) (Fig. 2E). There was no significant dif-
ference between AST levels; however, AST/ALT ratio in the sera was higher in the group of Gal-3 KO mice than
in WT mice at weeks 6 and 8 after 20A-BSA immunization (Fig. 2F), indicating more extensive liver damage in
the absence of Gal-3.

Influx of inflammatory CD8+ lymphoid cells is higherin the livers of Gal-3 KO mice.  Eight weeks
after 20A-BSA immunization, there was no difference in the percentages of CD8+TCR+ and CD4+TCR+ cells
in livers of WT and Gal-3 KO immunized mice, or between control and diseased mice (Fig. 3A). Although the
total number of CD4+ and CD8+ T lymphocytes increased, only the number of CD8+ T lymphocytes was sig-
nificantly higher in the liver of Gal-3 KO mice compared to WT mice (p < 0.005; Fig. 3B).

Gal-3 deletion favors the proinflammatory phenotype of liver DCs.  We examined the relative per-
centage of CD11c+ DCs in the livers of Gal-3 KO, WT immunized, and control mice. There was no difference in
the percentage of CD11c+ DCs DCs between Gal-3 KO and WT mice, but significantly higher absolute numbers
of DCs were detected in the livers of Gal-3 KO mice (Fig. 3C). DCs of Gal-3 KO mice had higher expression
of markers of activation CD86 and MHC Il molecules (Fig. 3D). Furthermore, a significantly higher number
of CD11c+ cells expressing CD86 (p < 0.05) and MHC II (p < 0.05) molecules was observed in the livers of
xenobiotic immunized Gal-3 KO mice (Fig. 3E). Percentage of CD11c+TNFa+ cells was higher in Gal-3 KO
mice (Fig. 3G), but without significant difference. However, the absolute number of CD11c+TNFa+ cells was
significantly higher in the group of Gal-3KO mice compared with WT mice (Fig. 3F; p < 0.05), confirming the
inflammatory phenotype of DCs.
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Figure 3. Gal-3 deletion leads to increase of CD8+ T lymphocytes and infla tory phenotype of DCs
in liver infiltrates after PBC induction. (A) Representative dot plots displaying the frequency and (B) total
numbers of CD4+ and CD8+ T lymphocytes calculated per liver. (C) Total numbers of CD11c+ DCs in the
livers. (D) Expression of markers of activation on CD11c+ gated cells. (E) Total numbers of DCs expressing
CD86 and MHC I1. Representative dot plots (F,G) total numbers of DCs expressing TNF-alpha. Data are
presented as the mean+-SE, 9 mice per group, **p < 0.005; *p < 0.05.

Enhanced PBC in Gal-3 KO mice is characterized by more pronounced apoptosis of
BECs. Consistent with previous reports and our data in humans we found that pathological changes in the
liver were accompanied by increased Gal-3 expression in BECs. Immunostaining of liver sections showed no
Gal-3 expression in untreated control mice (Fig. 4Ai-k), untreated mice, while significant increase in Gal-3
expression was detected in BECs and liver infiltrates in 20A-BSA immunized WT mice (Fig. 4Aa-d). There was
no Gal-3 expression in the livers of both untreated (Fig. 4Al-n) and immunized (Fig. 4Ae-h) Gal-3 KO mice.
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Figure 4. BECs of Gal-3KO mice are more susceptible to apoptosis. (A) Representative sections of Gal-3
liver immunohistochemistry. Gal-3 was expressed in BECs and mononuclear infiltrations in 20A-BSA treated
WT mice (a-c; red and black arrows, respectively) and granuloma (d; green arrow), but was not seen in

the BECs, infiltrations (e-g; yellow arrows) and granuloma (h, green arrow) of 20A-BSA Gal-3 KO mice

and untretaed WT (i-k) and Gal-3 KO mice (I-n). (B) TUNEL staining of liver sections (arrows indicate
apoptotic cells) and numbers of apoptotic BECs presented as mean + SE; 9 animals per group; *p < 0.05.

(C) Representative dot plots of apoptotic BECs isolated from healthy WT and Gal-3 KO mice, stained with
Annexin V and propidium iodide after exposure to apoptosis inducer (ionomycin).
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Figure 5. IFN-~ containing cells predominates in theliver of Gal-3 KO mice after PBC induction.

(A) Representative dot plots of CD4+ and CD8+- cells positive for IFN-~y and IL-17. (B) The total cell numbers
of CD4+ and CD8+ cells containing IL-17 and IFN-~ in liver in wild type and Gal-3 KO mice presented as the
mean+ SE; 9 mice per group, *p < 0.05, **p < 0.005.

Next we analyzed the frequency of apoptotic BECs eight weeks after 20A-BSA immunization. There were sig-
nificantly more TUNEL positive BECs in the liver sections of Gal-3 KO mice compared with those in WT mice
(Fig. 4B). To confirm the increased apoptosis of BECs of Gal-3 KO mice we isolated BECs from untreated WT and
Gal-3KO mice, exposed them in vitro to apoptotic stimuli, and measured the percentage of apoptotic cells by flow
cytometry. After 22 hours of in vitro exposure to ionomycin, we detected higher percentage of apoptotic (Annexin
V positive) BECs isolated from Gal-3 KO mice, compared with those from WT mice (Fig. 4C).

Enhanced bile duct damage is associated with enhanced Th1immune response in the liver and
enhanced systemicTh17 immune response leading to liver fibrosis. Intracellular staining of liver
mononuclear cells showed similar percentages of CD4+ and CD8+- cells containing Th1 and Th17 cytokines
(Fig. 5A), but the absolute numbers of CD8+ and CD4+ cells containing IFN-~ was significantly higher
(p < 0.05) in Gal-3 KO mice compared to WT mice (Fig. 5B). There was no significant difference in the total
number of CD4+ and CD8+- cells containing IL-17 in the livers of Gal-3 KO and WT mice.

Immunization with 20A-BSA induces significant increase of serum levels of IL-6, IL-17, IL-13 in WT and
Gal-3 KO (Fig. 6). Interestingly, the serum level of IFN-~ was statistically significantly higher in immunized
compared to untreated WT mice, but not in between the immunized and untreated Gal-3 KO mice. Furthermore,
there was no difference in the serum level of IFN-~ and IL-6 between xenobiotic immunized Gal-3 KO and WT
mice, although Gal-3 KO mice had significantly higher (p < 0.05) serum levels of profibrotic cytokines IL-13 and
IL-17 (Fig. 5C). Figure 6B,C illustrate the significant enhancement of bile duct damage and fibrosis upon xenobi-
otic immunization, as evaluated by anti-CK7 immunostaining and Sirius red staining, respectively.

Discussion

Our previous studies indicated that deletion of Gal-3 attenuates several T cell mediated autoimmune diseases
such as diabetes®, experimental autoimmune encephalomyelitis®, and inflammatory diseases including liver dam-
age induced by T and NKT cells”. In contrast to these studies, we demonstrated that deletion of Gal-3 aggravated
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Figure 6. Gal-3 deletion increases serum levels of profibrotic IL-13 and IL-17 cytokines and fibrosis in
20A-BSA induced PBC. (A) Serum levels of IL-13, IL-6, IL-17 and IFN-~ and (B) liver immunohistochemistry
of CK-7 in WT and Gal-3 KO mice eight weeks after immunization with 20A-BSA. (C) Liver fibrosis score of
WT and Gal-3 KO mice and representative liver sections stained with Sirius red indicating minimal fibrosis

in WT mice (black arrows) and marked fibrosis in Gal-3 KO mice (red arrows). Data are presented as the
mean + SE; 9 mice per group, *p < 0.05.

another autoimmune disease, PBC. The diverse effect of Gal-3 effect may be the result of the regulation of pre-
dominant mechanisms under different immunopathological conditions. Gal-3 can modulate the development of
immunopathology on at least two levels: first, by modulating function of immune cells and second, by controlling
various cellular functions. In this study, it is possible that Gal-3 deficiency is accompanied by enhanced xenobi-
otic induced apoptosis of BECs and subsequent enhanced release of putative antigen(s). In humans, expression
of Gal-3 is negligible in normal liver hepatocytes and biliary epithelial cells'’. This expression is significantly
enhanced in pathological conditions such as cholangitis, cholangiocarcinoma'? and hepatitis Band C (Fig. 1).

In this study we provided experimental evidence that Gal-3 gene deletion leads to accelerated 20A-BSA
induced PBC. In C57BL/6 mice, Gal-3 deletion exacerbates the disease through significantly higher liver infil-
trates of CD8+ T lymphocytes, with enhanced bile duct damage, liver fibrosis, serological level of PDC-E2 spe-
cific IgA and increased AST/ALT ratio (Figs 2 and 3).

Bile duct damage in humans with PBC directly correlates with the frequency of CD8+ T cells in the liver*’.
Predominance of CD8+ T cells in the portal tracts was also present in the IL-2Rac '~ mice and 20A-BSA induced
mouse model of PBC'*#!. PDC-E2 specific CTLs have the leading role in PBC pathogenesis as they are involved in
the lysis of BECs'*. More importantly, adoptive transfer of CD8+ T lymphocytes from dnTGF3RII mice induces
autoimmune cholangitis with prominent inflammatory cell infiltration, bile duct destruction, and granuloma
formation in the portal tract in Rag-1""" recipient mice, whereas transfer of CD4+ T cell did not induce PBC-like
hepaticlesions*2. Therefore, it is evident that an enhanced number of CD8+ T lymphocytes and more severe liver
disease were developed in Gal-3 KO mice. In line with previous findings (39,40), higher AST/ALT ratio and more
pronounced liver damage are observed in immunized Gal-3 KO compared with immunized WT mice.

The levels of anti-PDC-E2 in 20A-BSA immunized WT mice are similar to those in the literature®. We also
found increased serological anti-PDC-E2 IgG, IgM and IgA in the sera after immunization (Fig. 2E) without
statistical difference in total IgM and IgG levels between WT and Gal-3 KO mice. However, there is a significantly
higher level of anti-PDC-E2 IgA antibody in the serum of immunized Gal-3 KO mice compared to immunized
WT mice (Fig. 2E). Rigopulou et al. reported that the hallmark of the disease is the presence of anti-PDC-E2 IgG,
(41). However in Gal-3 KO mice, serum level of anti-PD C-E2 IgA appears to correlate with enhanced epithelial
damage (Fig. 2E). This observation is of significance in light of the previous report on transcytosis of PDC-E2 IgA
across the BEC and that such transcytosis initiated capase activated apoptosis of BEC*. The level of caspase acti-
vation directly correlates with anti-PDC-E2 IgA antibody in sera of PBC patients**. Taking into account this cor-
relation, it is also noted that the elevation of anti-PDC-E2 IgA antibody level in the sera of 20A-BSA immunized
Gal-3 KO mice (Fig. 2) is in association with enhanced apoptosis of BECs of immunized Gal-3 KO mice (Fig. 4).
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Gal-3 is expressed widely in epithelial and immune cells, such as gastric mucosa, colon mucosa, mammary
epithelium, prostate epithelium, monocytes, and macrophages****. Expression of Gal-3 is often increased in epi-
thelial and immune cells under inflammatory conditions. In this study, we showed that Gal-3 is expressed in
BEC:s of patients with PBC (Fig. 1). In addition, we showed Gal-3 expression is absent in BECs of healthy mice but
significantly increased in BECs of 20A-BSA immunized mice (Fig. 4), indicating the relationship between Gal-3
expression and liver inflammation in 20A-BSA immunized mice. Knockdown of Gal-3 sensitizes human colorec-
tal cancer cells, keratinocytes, leukemia cells, human renal cell carcinoma and cholangyocarcinoma cells to apop-
tosis***’ whereas overexpression of Gal-3 protects the cells from apotosis™. Hence, the expression of Gal-3 in
the inflammatory liver of 20A-BSA immunized mice may be a protective mechanism in the apoptosis of BECs.

It can be hypothesized that increased expression of Gal-3 in BECs in PBC is a compensatory mechanism to
protect BECs from apoptosis induced by different stimuli in this disease. This hypothesis supports the finding of
low expression of Gal-3 in BECs in later stages of PBC (data not shown) with marked fibrosis and progressive
ductular damage.

Related to our finding presented in Fig. 5B, it appears that increased apoptosis of BECs in Gal-3 KO mice may
facilitate release of autoantigens and induce stronger activation of DCs with higher influx of inflammatory lym-
phocytes, leading to enhanced bile duct damage (Fig. 6B) and liver fibrosis (Fig. 6C). Thus, enhanced apoptosis of
BECs in immunized Gal-3 KO mice may be the consequence of the absence of Gal-3. BECs isolated from healthy
Gal-3 KO mice which were exposed to apoptotic stimulus in vitro had significantly higher percentage of apoptotic
cells compared with those from WT mice (Fig. 5B), confirming the protective role of Gal-3 against apoptosis of
BECs.

Apoptosis of BECs is an important phenomenon in PBC*"#5!. When BECs undergo apoptosis, PDC-E2
remains immunologically intact and its expression at the apical surface of the small bile duct cells lining the
bile duct lumen is confirmed by biliary immunostaining with selected PD C-E2-specific monoclonal antibod-
ies?637:5233, PDC-E2 in its intact form is also localized in the apoptotic bodies of BECs where it is accessible to
AMA recognition”. Thus it can be assumed that enhanced apoptosis of BECs from Gal-3 KO mice leads to
enhanced exposure of autoantigen, consecutive enhanced stimulation of immune response and enhanced disease.

The other contribution of enhanced apoptosis of BECs in Gal-3 KO mice to more severe PBC could be through
enhanced stimulation of innate immunity. Monocyte-derived macrophages from PBC patients incubated with
apoptotic blebs from BECs in the presence of AMAs intensively produced proinflammatory cytokines*. In this
study, proinflammatory CD11c+ DCs were present in the livers of Gal-3 KO mice (Fig. 6). This may be the con-
sequence of stronger stimulation with apoptotic bodies in the presence of AMAs, even in the absence of Gal-3 in
DCs.

An imbalance between the death of BECs and the proliferation of residual cells determines the progression
toward bile duct loss and fibrosis. In advanced PBC, cholangiocytes lose their ability to proliferate and cell death
by apoptosis prevails over compensatory proliferation. Apoptosis promotes fibrogenesis through activation of
hepatic stellate cells (HSCs)****. We found enhanced fibrosis in livers of Gal-3 KO mice (Fig. 6). Gal-3 activates
various profibrotic factors including fibroblast proliferation and transformation, and collagen production in var-
ious diseases™. However, our apparently conflicting result can be explained by significantly increased death of
BECs in Gal-3 KO mice followed by enhanced activation of HSCs and enhanced fibrosis. Enhanced fibrosis in
Gal-3 KO mice correlates with increased systemic levels of profibrotic cytokine IL-13 and IL-17 (Fig. 6)*%%. The
increased number of CD4+ and CD8+- cells containing IFN-~ in the livers of Gal-3 KO mice (Fig. 5) is in accord-
ance with a previous report that IFN-~ deficient mice immunized with 20A-BSA had no inflammatory cell infil-
trates in livers””. Higher numbers of IFN-~ containing CD4+ and CD8+ cells in Gal-3 KO mice is in line with
enhanced inflammatory phenotype of DCs in Gal-3 KO mice. Enhanced liver inflammation, fibrosis and bile duct
damage in Gal-3 KO mice immunized with 20A-BSA suggest a protective role for Gal-3 in PBC, which can be of
therapeutic relevance. Future advances in immunotherapy in PBC will require the consideration of many factors,
including its multiple hit etiology and its evolving immune response at various stages of the disease®***. Gal-3 isa
particularly interesting target because of its promiscuous role in multiple inflammatory pathways.

Methods

Animals. Female Gal-3-deficient mice on the C57BL/6 background and wild-type (WT) C57BL/6 mice
(8 weeks of age) were used for the experiments. Knockout mice were obtained from the University of California
Davis (Davis, CA; by courtesy of D.K. Hsu and ET. Liu). All of the animal procedures were approved by the
Ethics Committee of Faculty of Medical Sciences, University of Kragujevac and conducted in accordance with the
National Institutes of Health (NIH) guidelines for humane treatment of laboratory animals.

PBC induction and evaluation of disease. Primary biliary cholangitis was induced as previously
described™. Blood samples were colleted from the facial vein at weeks 2, 4 and 8 after initial immunization
with 20A-BSA, and tested for levels of anti-PDC-E2 antibodies using an enzyme-linked immunosorbent assay
(ELISA) as previously described™. Briefly, 96-well ELISA plates were coated with 10 ug/ml of purified recombi-
nant PDC-E2 in 100 pl of carbonate buffer (pH 9.6) at 4°C overnight, washed with Tris-Buffered Saline Tween-20
(TBS-T), and blocked with 5% skim milk in TBS for 30 minutes. One hundred microliters of diluted sera (1:250)
were added to each well and incubated for 2 hours at room temperature. After washing, horseradish peroxidase
(HRP)-conjugated anti-mouse immunoglobulin (A+ M+ G) (H+ L) (1:3,000) (INVITROGEN ZyMax™) was
added. The plates were incubated for 1 hour at room temperature, the plates were re-washed and color developed
with 100 pl of TMB peroxidase substrate (BD Biosciences, San Jose, CA) added to each well. Optical density
(OD) was read at 450 nm at Zenyth multimode detector 3100. Previously calibrated positive and negative stand-
ards were included with each assay. Liver tissues were fixed in 4% paraformaldehyde at room temperature for
2 days and embedded in paraffin. Paraffin blocks were brought to room temperature and sectioned on a rotary
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microtome (Leica RM2135). Twenty four serial 4-pm sections were floated onto water at 40 °C before being trans-
ferred to glass microscope slides. The sections were deparaffinized, stained with hematoxylin and eosin (H&E)
and every fourth (six slides) was evaluated for periportal inflammation, infiltration of bile ducts without damage,
infiltration and damage of bile ducts, and subcapsular infiltrates. Based on the levels of pathology, the indices were
scored as 0, none; 1, mild; 2, moderate; 3, severe; and 4, very severe pathology. Histological score I was calculated
as mean value of each scored index. Granulomas, and fibrosis were scored as 0, none; 1, mild; 2, moderate; and 3,
severe pathology and histological score II was calculated based on these values. Histological analysis and scoring
were performed in blinded fashion. The images were captured with a light microscope (Olympus) equipped with
a digital camera.

Sirius Red staining was done by treated rehydrated sections stained 1hour with saturated picric acid contain-
ing 0.1% Sirius Red F3BA (Sigma-Aldrich, St. Louis). The slides were washed in two changes of acidified water,
then dehydrated in three changes of 100% ethanol, and then washed in xylene. Quantification of fibrosis in mouse
liver sections stained with Sirius Red (x10) was performed using Image]J software (NIHh, Bethesda, MD), on 10
fields/section.

Cytokine levels determination. Cytokine levels were determined using mouse duo sets for IL-17, IL-13,
and IFN- (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s recommendations.

Immunohistochemistry of mouse liver samples. Formalin-fixed, paraffin-embedded mouse liver tis-
sue sections were incubated with rabbit anti-mouse cytokeratin-7 (CK-7) and Gal-3. Sections were visualized by
rabbit-specific conjugate (Expose Rb-Specific HRP/DAB Detection IHC Kit; Abcam), and mouse-specific conju-
gate (Expose Ms-Specific HRP/DAB Detection IHC Kit; Abcam) and photomicrographed with a digital camera
mounted on light microscope (Olympus BX51).

Gal-3 detection in human serum and liver samples. The levels of Gal-3 in sera of PBC patients
(11) and healthy controls (11) were determined using Human Gal-3 Quantikine ELISA Kit (R&D). Human liver
biopsy samples were obtained from the Department of Pathology University of Kragujevac tissue collection and
were stained with mouse antihuman Gal-3 antibody (Abcam, Cambridge, UK) and the mouse specific conjugate
(Expose Ms-Specific HRP/DAB Detection IHC Kit; Abcam), according to manufacturer instructions.

Isolation of hepatic mononuclear cells and flow cytometry. The isolation of liver-infiltrating
mononuclear cells was conducted as previously described®. Mononuclear cells were stained with
fluorochrome-conjugated antibodies, including CD4 (clone RM4-5), CD8« (clone 53-6.7), TCR3 (clone H57-
597), F4/80 (clone T45-2342), CD11c¢ (clone HL3), CD19 (clone 1D3), I-A/I-E (clone AF6-120.1), CD86 (clone
GL1),IL-12 (clone C15.6), and TNFa (clone MP6-XT22) (BD Biosciences). Isotype Abs with matching conju-
gates were used as negative controls. For intracellular staining, cells were activated with PMA/ionomycin and
processed as previously described. Live/dead cell discrimination was achieved by staining with Propidium Iodide,
10,000 events of viable cells were analyzed with the FACSCalibur Flow Cytometer (BD Biosciences), and analysis
was conducted with FlowJo (Tree Star).

Isolation of BECs and apoptosis assays. To isolate the intrahepatic BECs, a two-step liver perfusion was
performed. The perfused liver was removed and hepatocytes were selectively removed by forcing them with gentle
pressure through an incision in the liver. Cells were suspended in DMEM media supplemented with 10% FBS, 5%
NuSerum IV (BD), 0.5 mg/ml insulin-transferrin-sodium selenite (Gibco), 1 mmol/l ascorbic acid 2-phosphate,
10K7 M dexamethasone (Sigma-Aldrich Corp.), 10 ng/ml EGF (R&D, Minneapolis, MN, USA), 10 ng/ml
HGF (R&D, Minneapolis, MN, USA). After 10 days cells were exposed to ionomycine 1 pg/ml for 22 hours
and percentage of apoptotic cells was determined by flow cytometry using the Annexin V FITC Detection Kit
(BD Pharmingen, San Jose, CA).

Statistical analysis. The data are presented as mean = SD or mean+ SEM. Statistical significance was deter-
mined by Independent sample Student t test and ANOVA, and, where appropriate, Mann-Whitney U test or
Kruskal-Wallis. Statistical significance was assumed at p < 0.05. Statistical analyses were performed using SPSS 13.0.
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In contrast to C57BL/6 mice, BALB/c mice are relatively resistant to the induction of
experimental autoimmune encephalomyelitis (EAE) after challenge with MOGas-ss peptide.
Here, we provide the first evidence that infection with murine cytomegalovirus (MCMV)
in adulthood abrogates this resistance. Infected BALB/c mice developed clinical and
histological signs similar to those seen in susceptible C57BL/6 mice. In addition to CD4*
cells, large proportion of cells in the infiltrate of diseased BALB/c mice was CD8*, similar
with findings in multiple sclerosis. CD8* cells that responded to ex vivo restimulation with
MOGias-s5 were not specific for viral epitopes pp89 and m164. MCMV infection favors
proinflammatory type of dendritic cells (CD86+*CD40+*CD11c*) in the peripheral lymph
organs, M1 type of microglia in central nervous system, and increases development of
Th1/Th17 encephalitogenic cells. This study indicates that MCMV may enhance auto-
immune neuropathology and abrogate inherent resistance to EAE in mouse strain by
enhancing proinflammatory phenotype of antigen-presenting cells, Th1/Th17, and CD8
response to MOGas-ss.

Keywords: experimental
antigen-presenting cells, T cells

yelitis, BALB/c mice, i y lovirus infecti

INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory, demyelinating disease of the central nervous
system (CNS) with axonal injury, characterized by varying clinical course, pathology, and inflamma-
tory patterns (1). It develops in susceptible hosts after interaction with environmental factors which
trigger the disease by promoting the activation of myelin-specific T cells that normally circulate
in the peripheral lymph organs of all individuals (2). It has been suggested that some infectious
agents, in particular viruses, may be potential triggers of MS (2-4). Among different infective agents,
Epstein-Barr virus (EBV) has been mostly associated with increased MS risk (5). Recently, it has
been shown increased CD8" T cell response to EBV lytic antigens in active MS and also in relapses
(6). Infection with murine gamma herpesvirus 68 (yHV-68), the murine homolog to EBV, polarizes
the adaptive immune response and heightens CNS pathology following experimental autoimmune
encephalomyelitis (EAE) induction and likely, influences MS pathogenesis (7).
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Experimental autoimmune encephalomyelitis is the experi-
mental model of MS, induced in susceptible animals by active
immunization with myelin antigens mixed with adjuvant (8).
Immunized mice develop ascending paralysis with CD4* T
cells and macrophages in infiltrations in the white matter of
the spinal cord, and with minimal brain inflammation in the
majority of experimental models. However, in MS, the vast
majority of myelin lesions are found within the brain paren-
chyma with infiltrations that contain equivalent numbers of
CD8* Tand CD4* T cells (9, 10). Despite these differences, EAE
is considered as a valuable tool for research of MS pathogen-
esis. Moreover, several therapeutics that are now being used to
treat MS were developed in EAE (11). BALB/c mice are found
partially or completely resistant to the induction of EAE with
encephalitogenic peptide, myelin oligodendrocyte glycoprotein
(MOGJ&SS)-

Cytomegalovirus(CMV)classified withintheBetaherpesvirinae
subfamily establishes life-long latent infections in 70-100%
of the human population (12). After a primary infection of
fibroblasts, epithelial, endothelial, and smooth muscle cells (6),
mostly asymptomatic in the immunocompetent host, CMV
persists in myeloid precursor cells (7). During latency periodic
asymptomatic reactivations occur (13). CMV contains a large
number of latent and lytic genes, many of which code proteins
that have the role in immunoregulation (5). When monocytes
that carry CMV enter visceral parenchyma and differentiate into
macrophages and myeloid dendritic cells, virus reactivates and
through expression of different genes can modulate the immune
response of the host (14).

Data on the role of CMV infection in etiopathogenesis of MS
are controversial. CMV has been found in demyelinating plaques
and the cerebrospinal fluid of MS patients (15) and causes demy-
elination mainly in the CNS of immunocompromised hosts (16).
Further, enhancement of numbers of EBV and CMV-specific
CD8* T cells among T cells in chronic inflammatory lesions of
brain of MS patients was reported (17). Several studies involving
human subjects indicate correlation between CMV infection
and MS development, greater rate of relapses and greater brain
atrophy (18-20). Other studies indicate that CMV seropositiv-
ity is associated with a decreased MS risk and predicts a better
clinical and radiological outcome in MS patient (21), suggesting
a protective effect of CMV on autoimmune neuropathology (22).
Furthermore, CMV encodes multiple factors that trigger immu-
nomodulatory or evasion mechanisms, which can decrease the
immune response in MS patients (23, 24).

We have recently shown that deletion of an immunoregulatory
pathway, IL-33/ST2 axis, may enhance susceptibility to EAE in
resistant BALB/c strain (25, 26). The present study was done with
the aim to explore whether infection with murine CMV (MCMV)
create “fertile field” (27, 28) that facilitates the expansion and acti-
vation of encephalitogenic cells leading to autoimmune disease
of CNS.

Here, we show that MCMYV infected and MO Gas_ss immunized
BALB/c mice develop very pronounced neuroinflammation with
extensive infiltrations in brain and spinal cord parenchyma con-
taining large proportion of CD8* cells in infiltrates in addition
to accentuation of Th1 and Th17 immune response and skewing

microglia to M1 phenotype. Our results are compatible with the
notion that MCMYV abrogates inherent resistance of BALB/c mice
to EAE induction with MOGas_ss peptide through enhancement
of inflammatory dendritic cells in the periphery, M1 type of
microglia and recruitment of MOGss-ss responsive CD8* T cells
in the CNS. Thus, CMV-induced inflammatory environment may
enhance autoimmunity in CNS.

MATERIALS AND METHODS

Infection, Induction, and Scoring of EAE
Female 8-week-old BALB/c mice were used throughout this
study. Mice were infected subcutaneously (footped) with 10°
plaque-forming units of tissue culture MCMYV, strain MW97.01
(29). EAE was induced 10 days after infection by subcutaneous
administration of 200 uL suspension at two sites over the hind
flanks. Depletion of CD4* lymphocytes, where indicated, was
performed with intraperitoneal injection of 100 ug of anti-CD4
mAD, 1 day prior to and 5 days after MOG;s_s;s immunization.
The suspension consisted of 300 ug MOGs;_ss peptide (Sigma-
Aldrich, Germany) in 100 uL of PBS, emulsified with 100 uL
complete Freund’s adjuvant (Sigma-Aldrich, Germany) with
0.7 mg heat-inactivated Mycobacterium tuberculosis (strain
H37 RA; Difco Laboratories, Detroit, MI, USA). Each mouse
was immediately thereafter, injected intraperitoneally and 48 h
later with 300 ng pertussis toxin (List Biological Laboratories,
Campbell, CA, USA) in 100 pL 0.9% NaCl. Clinical signs of
EAE were assessed daily by the following scoring system: grade
0, no signs; grade 1, paralyzed tail; grade 2, ataxic; grade 2.5,
one hind leg paralyzed; grade 3, both hind legs paralyzed; grade
3.5, three legs paralyzed; grade 4, both hind legs and front limbs
completely paralyzed; grade 5, moribund as previously described
(30, 31). Mice were monitored daily with fluid administration
and mashed chow on the base of cages for all mice displaying a
clinical score of 3. Mice were maintained in our animal facilities
in a temperature-controlled environment with a 12-h light/12-h
dark cycle and were administered standard laboratory food
and water ad libitum. All experiments were approved by and
conducted in accordance with the Guidelines of the Animal
Ethics Committee of Faculty of Medical Sciences, University of
Kragujevac, Serbia. Endangered animal species were not used
in this study.

Isolation of Mononuclear Cells from CNS

and Lymph Nodes

Atday 15 post-EAE induction (mean clinical score of 3 for MCMV
EAE mice), mice were perfused with PBS, and brain and spinal
cord were carefully removed. The mononuclear cells from CNS
were isolated as described previously (25). Briefly, the brains and
spinal cords were homogenized in RPMI 1640 (Sigma-Aldrich)
with 10% FBS and 1 mg/mL collagenase type I (Sigma-Aldrich)
and incubated at 37°C for 60 min. After digestion, the tissue was
passed through a 40-um mesh, pelleted, resuspended in 10 mL
30% Percoll (Sigma- Aldrich), overlaid onto 5 mL70% Percoll, and
centrifuged at 390 g for 20 min. The myelin layer was removed,
and the mononuclear cells accumulated in the intermediate

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 192

165



Milovanovic et al.

MCMV Infection Overcomes Resis

phase were collected, washed twice in PBS, and resuspended
in RPMI 1640 containing 10% FBS. Total cell numbers were
determined by counting on a hemocytometer, and viability was
assessed by trypan blue exclusion. Lymph nodes were minced in
RPMI 1640 (Sigma-Aldrich) and forced gently through 40-um
cell-strainer nylon mesh (Falcon) using a sterile syringe plunger
and centrifuged at 400 g for 5 min. Pellet from lymph nodes was
resuspended in RPMI 1640 containing 10% FBS.

Flow Cytometry

Single-cell suspensions of brain and spinal cord tissue were pre-
pared according to standard protocols. For cytofluorometry, fol-
lowing antibodies were used: CD4, CD8, CD45, CCR6, CXCR3,
TCRp, CDllc, CD11b, CD49b, CCR2, CD86, T-bet, RORyt,
IL-17, IFN-y, TNF-a, and IL-12 with conjugated fluorochromes
(BD Biosciences). Antibodies were incubated with cells in PBS
with 2% FBS for 30 min at 4°C, and then cells were analyzed.
For intracellular staining of cytokines, cells were stimulated for
4 h in RPMI 1640 containing 10% FBS (Gibco), 10 ng/mL phor-
bol 12-myristate 13-acetate (Sigma-Aldrich), and 500 ng/mL
ionomycin (Sigma-Aldrich) with addition of Brefeldin A (BD
Biosciences). Antibodies for the cell surface markers were added
to the cells in PBS with 2% FBS for 30 min on ice. After wash, cells
were resuspended in Cytofix/Cytoperm buffer (BD Biosciences)
for 20 min on ice, washed twice, and incubated with Abs for
intracellular antigens (cytokines) in Perm buffer (30 min, on ice).
For staining of transcriptional factors, unstimulated cells were
used. Data were acquired using FACSCalibur (BD Biosciences)
and analyzed with FlowJo software (Tree Star).

Tetramer Staining

Immune cells were isolated as described above. Cells isolated
from CNS were incubated with H-2L(d)/IE-1/pp89 (168-176
YPHFMPTNL) and H-2D(d)/m164 (257-265 AGPPRYSRI)
tetramers provided by NIH tetramer core facility. Cells stained
with tetramer and anti-CD8 and anti-CD3 antibodies were
incubated for 30 min at room temperature and then washed.
Data were acquired using a FACSCalibur (BD Biosciences) and
analyzed with FlowJo software (Tree Star).

Immunohistochemistry and Evaluation of
Brain and Spinal Cord Pathology

Brains and spinal cords were fixed in 4% buffered formalin
fixative overnight. Paraffin wax embedded sections (5 um) were
stained with hematoxylin and eosin and CD3 (ab699; Abcam)
immunohistochemical staining. The slides were analyzed on light
microscope (BX51; Olympus), and digital images were acquired
by digital camera. The level of infiltration was graded using
the following score: 0, no inflammatory cells; 1, a few scattered
inflammatory cells; 2, organization of inflammatory infiltrates
into perivascular cuffs; 3, extensive perivascular cuffing with
extension into adjacent subarachnoid space and CNS paren-
chyma, and 4, extensive perivascular cuffing with increasing
subarachnoid and parenchymal inflammation (32). Slides were
analyzed on Olympus BX51 microscope, and digital images were
acquired by Olympus digital camera (DP71).

Interferon-y Assay

Mononuclear cells isolated from CNS, 10° in 100 uL complete
media were put on 96-well plate in duplicates, and 100 uL of
media, or MOGa;s_ss (1 pg/well) were added. After incubation for
1hon 37°C,0.2 uL of Brefeldin A in 10 pL of medium was added
to each well and incubated for 4 h on 37°C. Cells were washed and
then incubated with anti-CD8 and anti-CD4 antibodies on +4°C
for 15 min. After washing, cells were resuspended in Cytofix/
Cytoperm buffer for 30 min on ice, washed twice, and incubated
with anti-IFNy antibodies diluted in Perm wash buffer (30 min,
on ice) and resuspended in FACS media.

Statistical Analysis

All statistics were carried out using SPSS 18.0 for Windows
software. Results were analyzed using the Student’s t-test or
Mann-Whitney test and ANOVA or Kruskal-Wallis. Data in this
study were expressed as the mean + SEM. Values of P < 0.05 were
considered significant.

RESULTS

MCMV Infection in Adult Life Abrogates
Resistance to EAE in BALB/c Mice

BALB/c mice immunized with MOGss_ss did not develop clinical
signs of EAE, while BALB/c mice infected with MCMV 8 weeks
after birth and 10 days later challenged with MOG:sss in CFA
and pertussis toxin (MCMV + MOGs:sss) developed clinical
signs that correspond to EAE manifestations seen in C57BL/6
mice (Figure 1A). Based on evaluation of clinical course
(Figure 1A) and mean maximal clinical score (Figure 1B),
MCMV-infected BALB/c mice developed disease indistinguish-
able from disease in susceptible C57BL/6 mice. Infiltration in
CNS of MCMV + MOGs;_s;, expressed by mean histological
score (Figure 1D) and total cell number (Figure 1C), was sig-
nificantly higher compared with BALB/c mice immunized with
MOG:s_ss only mice. BALB/c mice infected with MCMV and
10 days later immunized with MO G:;_ss developed subarachnoid
and perivascular infiltrations in the brain cortex, perivascular
infiltrations in brainstem and cerebellum with spreading to
parenchyma (Figure 1E), and white matter spinal cord infiltra-
tions (Figure 1F). Single-cell infiltrates were detected in brains
and spinal cords of MOGs:sss-immunized mice only, and
mild perivascular infiltrations were detected in brainstem of
MCM V-infected mice (Figures 1E,F). Immunostaining of spinal
cord sections showed presence of CD3* cells in the infiltrates
(Figure 1G).

CNS Infiltrates of MCMV + MOG;s ss Mice
Contain Higher Amounts of T1/T17 CD4+

and CD8* T Cells

Further analysis showed significantly higher number of CD4*
and CD8* T cells in the infiltrates of MCMV + MOG:s.ss mice
compared with MOGs;_ss mice (Figure 2A). In the CNS of
MCMYV + MOGs;_ss mice, there was higher number of CD4* T
cells then CD8* T cells, similar to typical EAE in C57BL/6 mice.
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FIGURE 1 | Continued

BALB/c mice infected with murine cytomegalovirus (MCMV) and immunized with MOGss s develop | i hall litis
(EAE). Eight-week-old BALB/c mice were infected (foot-pad injection) with MCMV and 10 days after were \mmunlzed with MOGas-ss peptide in CFA and pertussis
toxin (BALB/c MCMV + MOGas =5). Control mice C57BL/6 and BALB/c were immunized with MOG:s.ss peptide in CFA and pertussis toxin without previous infection
(C57BL/6 MOGxs25s and BALB/c MOG<<). (A) EAE scores up to day 15 post-EAE induction (four separate experiments, n = 29/group). (B) Mean maximal clinical

score up to day 15 post-EAE induction (four separate experiments, n = 29/group). (C) The mean value of the mononuclear cells isolated from central nervous
system (CNS) of BALB/c MCMV + MOGas-= and BALB/c MOGas-= mice (three independent experiments, n = 24/group). (D) Mean histological scores were
calculated from a total of five sections per group (two separate experiments, n = 8/group). (E) The representative images of brain cortex (a), brain stem (b),
cerebellum (c) of BALB/c MCMV + MOGas=5; brain cortex (d), brain stem (e), cerebellum (f) of BALB/c MCMV-infected mice (BALB/c MCMV); and brain cortex (g),
brain stem (h), cerebellum () of BALB/c MOG::.ss mice. (F) The representative images of spinal cords of BALB/c MCMV + MOGas ss
BALB/c MOGias-ss mice (€). (G) Representative sections of CD3 spinal cord immunohistochemistry of BALB/c MCMV + MOG-ss (a,b); BALB/c MCMV (c); and
BALB/c MOG:s-ss mice (d), arrows in left panels indicate the area presented in magnified sections in right panels. All pictures are representative of two separate
experiments (n = 16/group). Data were analyzed by Student’s t-test and presented as mean + SE: *P < 0.05 and ***P < 0.001.

(a=c); BALB/c MCMV (d); and

MCMYV + MOGs;_ss mice had increased percentage (Figure 2B)
and number (Figure 2C) of both Th1 and Th17 cells, as well as Tc1
and Tc17 cells compared to MOGss-ss mice. Similarly, significantly
higher number of CD4" cell- and CD8* cell-expressing transcrip-
tional factors, T-bet and RORyt (Figure 2D), and chemokine
receptors CCR6 and CXCR3 (Figure 2E) was noticed in CNS of
MCMYV + MOGss-ss mice compared with MOGs;s_ss mice.

CD8* Cells Take a Role in Autoimmune
Neuropathology in BALB/c Mice with

MCMV Infection

Depletion of CD4* cells in MCMV-infected mice abrogated sus-
ceptibility to MOG:s-ss-induced disease (Figure 3A) indicating
autoimmune disease. Given the significant number of CD8* cells
in the infiltrates that were not seen in classical EAE, we explored
in more details these cells found in CNS. There was significantly
higher percentage and number of CD8* cell-expressing markers of
cytolytic activity in the CNS of MCMV + MOG:;.ss BALB/c mice
compared to MOG:s_s; mice (Figure 3B). To indirectly determine
the percentage of MOG:;s_ss-specific CD4* and CD8* cells, mono-
nuclear cells were isolated from CNS of MCMV + MOGss.ss
BALB/c, MOGss_ss BALB/c, and MOGs;s_ss C57BL/6 mice and ex
vivo restimulated with MOGss_ss peptide, and IFN-y* cells were
enumerated. Significantly higher percentage of CD4* and CD8*
cells from CNS of MCMV + MOGg;_ss mice responded to ex
vivo restimulation compared with MOGss_ss only BALB/c mice
(Figure 3C). Further, significantly higher percentage of CD8*
cells isolated from CNS of MCMV + MOG:s.ss BALB/c mice
contained IFN-y after ex vivo restimulation with MOGs_ss com-
pared to C57BL/6 mice immunized with MOG:s_ss. Even more
importantly, IFN-y-containing CD8* cells in MCMV + MOGss.ss
BALB/c mice after restimulation with MOGss._ss were not specific
for viral epitopes pp89 and m164, suggesting that inflammatory
CD8* cells in the CNS are autoimmune (Figure 3D).

Chronic Non-Productive MCMV Infection
Also Facilitates EAE Development in
BALB/c Mice

In order to test whether the chronic non-productive MCMV
infection could facilitate EAE development, we immunized
BALB/c mice with MOGss_ss peptide 3 months after MCMV infec-
tion in adult life. As shown in Figure 4, infected mice developed

clinical signs of EAE while age-matched mice immunized with
encephalitogen only, did not. Mice with chronic non-productive
MCMYV infection started to manifest signs of EAE 6 days after
immunization with MOG;s_s; peptide; maximal clinical score
reached 15 days after immunization and had very mild signs of
the disease 60 days after immunization (Figure 4A). Chronic
disease was confirmed with histological analysis. Perivascular
infiltrates were detected in the spinal cords of mice with latent
MCMYV infection 2 months after challenge with MOGss_s; peptide
(Figure4B). Among cells isolated from brains of MCMV-infected
BALB/c mice 2 months after MOG;s.ss immunization, higher
percentage of CD4* and CD8* cells contained inflammatory
cytokines IL-17 and IFN-y, after in vitro restimulation with
MOGss_ss peptide compared to stimulated cells isolated from
MOGss_ss-immunized mice (Figure 4C). Our findings indicate
that BALB/c mice with latent MCMV infection develop disease
with long-lasting infiltrates in the CNS that contains lymphocytes
specific for neuroantigens.

MCMV Infection Induces Inflammatory
Phenotype of Antigen-Presenting Cells in
Periphery and in CNS

Itisknown that viralinfection induces antiviralimmune response
mediated by NK cells, CD8* and CD4* lymphocytes (33). Such
inflammatory microenvironment in peripheral lymph organs
can affect activation of antigen-presenting cells and thus indi-
rectly contribute to development of inflammatory lymphocytes.
Therefore, we explored possible influence of viral infection on
changes of phenotype of antigen-presenting cells. To this end,
mononuclear cells were isolated from inguinal lymph node
12 days after MCMV was administered in foot pad and com-
pared with cells isolated from mice immunized with MO Gss.ss
only. Lymph nodes of MCM V-infected and MCMV + MOGsgs.s5
mice had significantly higher percentage of CD11c¢* dendritic
cells and CDI11c¢*PDCAl*plasmocitoid dendritic cells in
inguinal lymph nodes compared to MOG:s-ss-immunized mice
(Figure 5A). Also higher percentage of dendritic cell-expressing
CCR2 chemokine receptor was found in both groups of MCM V-
infected mice (Figure 5B). More importantly, lymph nodes of
MCMV-infected and MCMV + MOGssss mice contained
higher percentage of activated CD86* and CD40* (Figure 5C)
and inflammatory IL-12* dendritic cells (Figure 5E). Higher
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encephalomyelitis (EAE) scores up to day 22 post-EAE induction in anti-CD4 and saline mice, data are presented as mean + SE from one experiment with five mice
per group. (B) Percentages and absolute numbers of CD8*granzyme B* and CD8*perforin® cells among mononuclear cells isolated from CNS 15 days post-
immunization with MOGz-ss peptide of BALB/c mice infected with MCMV 10 days earlier (MCMV + MOGsz-s) and previously untreated BALB/c mice (MOGas-s).
Data are presented as mean + SE, from two separate experiments with 14 mice/group. (C) Percentages of CD4-IFN-y+ and CD8-IFN-y~ cells and (D) representative
flow images of IFN-y, pp89, and m164 expression in CD8* population among mononuclear cells isolated from CNS of MCMV-infected and MOGz_ss-immunized
BALB/c mice and MO immunized BALB/c and C57BL/6 mice in vitro restimulated with MOGzs-s peptide. Percentages are presented as mean + SE
(representative experiment with six mice per group). Data were analyzed with Student’s t-test and Kruskal-Wallis: *P < 0.05, **P < 0.005.

expression of markers of activation, CD86* and CD40* was
noticed in MCMV-infected mice compared with MOGs;_ss-
immunized mice (Figure 5D). These data suggest that inflam-
matory phenotype of dendritic cells is achieved in BALB/c mice
with viral infection but not with encephalitogenic challenge
only; as it was seen in C57BL/6 mice.

It is known that systemic inflammation in mice causes
activation of microglia that persists for months (34, 35). Since
MCMYV infection in BALB/c mice causes systemic inflamma-
tion, we wanted to see effect of MCMYV infection on phenotype
of antigen-presenting cells in CNS. We analyzed expression
of markers of classical (CD1lc) and alternative activation
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infiltrates in central nervous system. Mice were infected with MCMV, and 3 months later they were immunized with MOGss peptide, and disease was
evaluated for 60 days. (A) Mean clinical score and (B) representative images of spinal cord sections 60 days after immunization with MOGgs. s peptide in

MCMV + MOGa-ss group (a—c) and MOGas-ss group (d-f). (C) Representative flow cytometric images presenting percentages of IL-17- and IFN-y-expressing CD4~
and CD8* cells among mononuclear cells isolated from brains 60 days after immunization with MOGas-ss peptide. Presented data are from representative experiment

P

(CD206) in the population of microglia (CD45™CDI11b*) in
healthy mice, MOGs;s_ss-immunized mice, MCM V-infected, and
MCMYV + MOGssss mice. As shown in Figure 5F, microglia of
mice with viral infection in adult life, with and without EAE, had
proinflammatory, M1 phenotype. Significantly higher percentage
of CDI1c-expressing cells in microglia population was found in
both groups of infected mice compared to healthy and MOGss-ss-
immunized mice. On the other hand, the highest percentage of
(type 2) CD206-expressing microglia was found in MOG:s.ss
BALB/c mice. Higher percentage of M2 microglia was also found
in MCMV + MOGs;; ss-immunized mice compared to healthy
and MCMV-infected mice but lower compared to MOG;;s.ss-
immunized mice. Thus, high percentage of M2 microglia in mice
at the peak of EAE could be also the compensatory mechanism
that precedes disease attenuation.

DISCUSSION

Here, we provide the first evidence that MCMYV infection results
in breaking resistance of BALB/c mice to EAE induction with

MOGs;_s; peptide, as indicated by typical clinical manifestations
and massive inflammatory infiltration in the CNS (Figure 1).
The role of MCMYV infection in EAE is not studied, while its
significance in MS is controversial. There are several prospective
clinical studies that indicate protective effect of CMV infection
on MS risk (21, 22, 36), while recent well-powered meta-analysis
found no significant difference in the rate of CMV seropositiv-
ity between MS patients and healthy controls based on pooled
samples from all studies to date (37). On the other hand, CMV
has been found in demyelinating plaques and the liquor of MS
patients (15), and several clinical studies support the role of
CMYV in MS pathogenesis (18-20). Additionally, CMV infection
induces expansion of inflammation-seeking/proinflammatory
effector-memory CD4*CD28™" T cells that are attracted to MS
lesions viaa CX3CL1 gradient (38, 39) and are mostly found in MS
patients (40). Stimulation of these cells with myelin autoantigens
results in their proliferation and release of cytotoxic granules, and
thus may contribute to MS pathology (41). Some experimental
animal studies support the role of CMV in EAE development.
Cross-reactivity between CM Vsi-1003 and MOG:s_ss peptides was
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FIGURE 5 | Continued

Murine cy lovirus (MCMV) infection favors infl ype of anti ing cells. Mononuclear cells were isolated from inguinal
lymph nodes 2 days after immunization with MOGas-ss peptide (MOGLW) and from lymph nodes of mice 10 days after their MCMV infection (MCMV). Flow
cytometric analysis of dendritic cells phenotype was done. (A) Percentages and absolute numbers of CD11c* dendritic cells and CD11¢+*CD11b-PDCA1+ dendritic
cels, (B) CCR2-expressing CD11c¢” cells, and (C) CD86* and CD40* dendritic cells are presented as mean + SE (10 mice per group). (D) Representative
histograms of CD40 and CD86 expression in CD11¢* population. (E) Percentages and absolute numbers of IL-12* dendritic cells presented as mean + SE (10 mice
per group). (F) Mononuclear cells were isolated from central nervous system of saline-treated, MOGis-s-immunized, MCMV-infected, and MCMV-infected and
MOGaz-ss-immunized mice, 15 days after MOGas-ss immunization percentages of classically (CD11¢*) and alternatively (CD2067) microglia are presented as

mean + SE (8-10 mice per group). Data were analyzed with Student’s t-test and ANOVA: *P < 0.05, **P < 0.005, and ***P < 0.001.

found in Lewis rats immunized with MOGs:s_ss (42), while cross- in the CNS of BALB/c mice with neonatal MCMYV infection but
reactivity between CM Vg1 oos and MOGs,s6 was found inrhesus  without immunization with MOGss_ss dominates Tcl cells (IFN-y
monkeys (43). Immunization of rhesus monkeys with human  and T-bet*) (55), it appears that the newly developing autoim-
CMVosi_r00: peptide induced expansion of MOGssse-specific ~ mune process attracts a different population of CD8* cells (IL-17
T cells (43). Female SJL/J mice primed with vaccinia virus that producing) that contribute to autoimmune process (54).
contain PLP gene and later challenged with MCMV-developed Significant accumulation of CD8* cells in the infiltrates
lesions in white matter regions in the brains (28). Other studies ~ and their role in autoimmune pathogenesis is documented by
on primates also support the role of CMV in MS pathogenesis  clinical signs and typical pathology complemented by specific-
(44, 45). Recently, Juranic Lisnic et al. demonstrated that MCMV ity of infiltrating cells. Ex vivo restimulation with MOGas_ss
infection of murine fibroblasts induced highest expression of  leads to significant increase of CD8* cell-producing IFN-y in
interferon p, transcriptional factor T-bet, chemokine CXCL10 ~ MCMV + MOG:s.ss BALB/c mice (Figure 3C). This finding is
(46), and the role of these markers of Th1 cells, in EAE pathogen-  at variance with our finding in C57BL/6 mice. CD8" cells from
esis is well known (47-49). EAE C57BL/6 mice did not responded to restimulation with
However, there was no evidence that MCMYV infection may =~ MOGs;.ss (Figure 3C). Further, MOGss.ss responsive CD8*
directly facilitate EAE. Here, we show thatadult MCMV infection ~ cells in MCMV + MOGssss BALB/c mice were not specific
overcomes resistance of BALB/c mice to induction of EAE with  for viral epitopes pp89 and m164 (Figure 3D) implicating that
MOGssss peptide. The disease is characterized by typical clinical ~ CD8* cell contributes to autoimmune process in this model of
signs (Figure 1A) seen in susceptible C57BL/6 mice and massive ~ EAE. This finding is in line with previous report that initiation
brain and spinal cord infiltrations (Figures 1E,F). It should be of autoimmune process in CNS with CD4* T cells is followed
noted that brain infiltrates are more significant in BALB/c mice  with spreading to myelin-specific CD8* T cells that are capable
treated with encephalitogen then in “classical” EAE in C57BL/6  of direct recognition of oligodendrocytes and contribute to
mice. It appears that the disease after infection + MOGssss  tissue damage (56). Similarly, heighten EAE in C57BL/6 mice
challenge in otherwise resistant mice is more similar to MS than  infected with yHV-68 is accompanied with infiltration of brain
classical EAE (50). While in C57BL/6 mice, CD4* cellsdominate ~ parenchyma with CD8*IFN-y*granzyme* cells (7). However,
in CNS infiltrates in the experiments presented here, there  specificity for autoantigen of these inflammatory and cytolytic
was similar number of CD4* and CD8* cells in the infiltrates =~ CD8* cells in yHV-68-infected C57BL/6 mice was not studied
(Figure 1). (7). Finding that mice with depletion of CD4* cells after MCMV
Encephalitogenity of CD4* T cells in the infiltrates in BALB/c  infection and before MOG;s_ss immunization did not develop the
mice is further documented by their expression of chemokine  disease (Figure 3A) contributes to the conclusion that MCMV-
receptors CXCR3 (Figure 2E), whose blockade during EAE  infected BALB/c mice developed autoimmune neuropathology.
induction attenuated the disease (51), and CCR6 receptor known Persistence of CNS infiltrations and MOGss_ss-specific CD4*
to have the key role in development of initial autoimmune infil- ~ and CD8" cells in CNS of BALB/c mice 2 months after MOGa;s_ss
tration in the CNS (52, 53). While yHV-68 infection in C57BL/6 immunization that were infected 3 months previously (Figure 4)
mice with EAE leads to almost exclusive infiltration with Thl also proving autoimmune nature of the disease. Thus although
cells (7), in the CNS of MCMV-infected BALB/c mouse with ~ CD4" cells are required, it appears that CD8* cells are the main
EAE there is almost equal participation of Thl and Th17 cell-  effector cells.
expressing IFN-y and T-bet (Th1) and IL-17 and RORyt (Th17) MCMVinfectionsignificantlyincreases proportionofdendritic
(Figures 2C,D). Moreover, inflammatory infiltrates in MCM V- cells (CD11c*), plasmocitoid dendritic cells (CD11¢*PDCA1*) in
pretreated BALB/c mice immunized with MOGss-ss contained ~ peripheral lymph nodes (Figure 5A) compared to immunization
CD8* cell-expressing T1 and T17 transcriptional factors and ~ with MOGss.ss. Further higher percentage of dendritic cells in
corresponding cytokines TNF-a and IFN-y (Tcl) and IL-17  lymph nodes in MCMV-infected mice is accompanied with
(Tcl7 cells) (Figures 2C,D). Interestingly, it was suggested that  higher percentage of CCR2* dendritic cells (Figure 5B). It is
Tcl7 cells are required for Th17 accumulation and development ~ known that MCMV encodes proinflammatory factor (MCK-2),
of MS (54). Patients with early-stage MS harbor a greater number analog of chemokine CCL2 (57) that enhances monocyte recruit-
of Tc17 cells in the cerebrospinal fluid than in peripheral blood =~ ment and viral dissemination (58). Then, higher percentage of
that contribute to the initiation of CNS autoimmunity (54). Since  dendritic cells in inguinal lymph nodes of MCMV-infected mice
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could be the consequence of CCL2 analog production, since CCL2
goes to lymph nodes where is presented on the surface of high
endothelial venules for recruitment of monocytes (59). Although
itwas previously shown that MCMV attracts monocytes that have
the immunosuppressive role (60), here, we found higher percent-
age of dendritic cell-expressing markers of activation CD86 and
CD40 (Figure 5C) and containing Thl promoting cytokine,
IL-12 (Figures 5D,E). Our results indicate that MCMYV infection
of BALB/c mice induces increase of inflammatory dendritic cells
in peripheral lymph nodes and thus enables development of
encephalitogenic T cells. This finding is in correlation with previ-
ous report that MCM V-infected mice are resistant to bacterial
infection due to prolonged production of the antiviral cytokine
IFN-y and systemic activation of macrophages (61). Significantly,
there was an increase of classically activated microglia
(CD45™CD11b*CD11c*) in the CNS of BALB/c mice 25 days
after MCMYV infection compared to MOGss_ss-immunized mice
without previous infection that had mostly alternatively activated
microglia (CD45™CD11b*CD206*) (Figure 5F). Lower percent-
age of alternatively activated microglia in MCMV + MOGss.ss
mice observed on day 15 after immunization and day 25 after
infection in compared to MO Ggs_ss treated mice, and prevalence
of M1 microglia in virus-infected mice may contribute to chronic
disease in MCMV-infected MO Gs;_ss-immunized BALB/c mice.
Previously, it was shown that systemic MCMYV infection elicited a
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Short Communication

Deletion of Galectin-3 attenuates acute pancreatitis in
mice by affecting activation of innate inflammatory
cells
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Acute pancreatitis is characterized by autodigestion of pancreatic cells followed by acute
inflammation leading to pathology and death. In experimental acute pancreatitis, pancre-
atic acinar cells and infiltrating macrophages express Galectin-3 but its role in pathology
of this disease is unknown. Therefore, we studied its role using Galectin-3 deficient mice.
Deletion of Galectin-3 prolonged the survival of mice, led to attenuation of histopathology,
and decreased infiltration of mononuclear cells and neutrophils that express TLR-4, in
particular, pro-inflammatory N1 neutrophils. Galectin-3 and TLR-4 are also colocalized on
infiltrating cells. Lack of Galectin-3 reduced expression of pro-inflammatory TNF-o and
IL-1p in F4/80*CD11c- and CD11c*F4/80~ cells. Thus, deletion of Galectin-3 ameliorates
acute pancreatitis by attenuating early influx of neutrophils and inflammatory mononu-
clear cells of innate immunity. These findings provide the basis to consider Galectin-3 as
a therapeutic target in acute pancreatitis.

Keywords: acute pancreatitis - Galectin-3 - N1 neutrophils - TLR4

Introduction

Acute pancreatitis (AP) is an acute inflammation of pancreatic
tissue initiated by intra-acinar activation of proteolytic enzymes
in a cathepsin-B-dependent and calcium-dependent manner [1].
Activated proteolytic enzymes cause destruction of acinar cells
and release of inflammatory cytokines [2]. Injured acinar cells also
release intracellular content into the extracellular space that serves
as damage-associated molecular patterns attracting inflammatory
cells that can cause further damage of pancreas [2].

Correspondence: Prof. Miodrag L. Lukic
e-mail: miodrag lukic@medf kg.ac.rs

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Galectin-3 (Gal-3) is a member of galectins family with a
unique chimeric structure and plays important pro-inflammatory
role in inflammatory and autoimmune diseases [3]. Under physi-
ological conditions in mice, only duct epithelium cells of pancreas
express Gal-3 [4]. After the induction of pancreatitis, acinar cells
start to express Gal-3, and there is an increased expression of Gal-3
in infiltrating cells [4].

Here, we demonstrated that Gal-3 deficient mice survived
longer after bile-pancreatic duct (BPD) ligation as a model of the
severe and lethal form of AP. In addition, we showed that deletion
of Gal-3 contributes to a significant attenuation of AP accompanied
by decreased influx of neutrophils and mononuclear cells into the
pancreas, and decreased accumulation of pro-inflammatory innate
immune cells.
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Figure 1. Target disruption of Gal-3 prolongs survival of mice with acute pancreatitis and suppresses disease induced by BPD ligation. (A)
Immunohistochemical staining showing expression of Gal-3 in duct cells (red arrow) and infiltrating cells (black arrows) in the pancreas samples
obtained from diseased (left panel) and control animals (right panel). Scale bar: 100 um. Images are representative of two independent experiments
with 10 mice per group in each experiment. (B) Percentage of expression of Gal-3 in pancreata of diseased and control mice. (C) Scatter plot of
mortality in mice with BPD ligation-induced AP. (D) Kaplan-Meier curve presents survival rate in BPD ligation model of AP. Data shown are pooled
from two independent experiments with seven mice per group per experiment. (E) Photomicrographs of representative H&E-stained mouse
pancreas 72 h after BDP ligation model of AP. Massive pancreatic necrosis (black arrows), massive inflammatory cell infiltration (yellow arrows)
and intralobular edema (white arrows) were observed in WT mice in comparison, to a lesser extent of pancreatic damage observed in Gal-3-/~ mice
characterized only with intralobular and inter-acinar edema (white arrows). Photomicrographs of representative H&E-stained mouse pancreas
from sham-operated controls that were without signs of pancreatic injury. Scale bar: 200 um. Images are representative of two independent
experiments (12 mice per group in each experiment). (F) Total histological score of AP, *p < 0.05, Mann-Whitney U-test.

Taken together, our data demonstrate that Gal-3 plays an
important pro-inflammatory role and may be a potential thera-
peutic target in pancreatitis.

Results and discussion

Galectin-3 deletion prolongs survival of mice with
acute pancreatitis and attenuates tissue damage

We found intracytoplasmic and intranuclear increased expres-
sion of Gal-3 in the infiltrating leukocytes within 72 h after AP

induction by BPD ligation, indicating its involvement in pathology

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(Fig. 1A and B). This correlates with previous reported enhanced
expression of Gal-3 in experimental pancreatitis [4].

In accordance with previous findings [5], we showed that
“wild-type” (WT) mice with a lethal form of AP-induced by BPD
ligation showed 100% mortality within 5 days, with a median
mortality at day 3 (Fig. 1C). However, Galectin-3 deficient (Gal-
37/~) mice with a lethal form of AP-induced by BPD ligation
showed 100% mortality within 9 days, with median mortality
at day 5 (Fig. 1C). Thus, Gal-3~/~ mice with AP survived sig-
nificantly longer in comparison to WT mice with AP (Fig. 1C).
Also, Kaplan-Meier curves revealed significant difference in sur-
vival rate between WT and Gal-3/~ mice with AP (Fig. 1D). As
expected, both sham-operated controls had 100% survival at 15
days (Fig. 1D). It appears that longer survival of Gal-3~/~ mice is
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related to milder inflammatory response as illustrated in Figure 1E
and G. Specifically, 72 h after BPD ligation, histological analysis
of H&E-stained pancreatic section revealed that WT mice with AP
showed significantly more severe edema, leukocyte infiltration,
and widespread areas of necrosis and vacuolization of pancreatic
parenchyma that were not seen in Gal-3~/~ mice (Fig. 1E). Total
acute pancreatitis histological score was markedly lower in Gal-
37/~ mice with AP compared with WT mice (Fig. 1F). Our results
are in line with those of Pan et al. [6] who showed that treatment
with lactose, an inhibitor of galectins, alleviated the severity of
experimental AP.

Gal-3 deficiency decreases early influx of TLR-4+
innate inflammatory cells in AP

Seventy-two hours after BPD ligation, total number of infiltrat-
ing leukocytes in pancreatic tissue was significantly higher in WT
mice with AP compared with Gal-37/~ mice with AP (Fig. 2A).
After induction of AP, there was significant influx of neutrophils
into the pancreas (Fig. 2B). The total number of these cells was
significantly higher in pancreata of WT mice than Gal-37/~ mice
(Fig. 2B), although the difference in the percentage of neutrophils
did not reach statistical significance (Fig. 2C). The percentage of
F4/80*CD11c™ cells and total number of these cells were signifi-
cantly higher in WT mice compared to Gal-3~/~ mice (Fig. 2D and
E). Immunohistochemical analysis confirmed increased infiltration
of Ly-6G/Ly-6C* cells (Fig. 2F) and F4/80" cells (Fig. 2H), with
significantly increased percentage of Ly-6G/Ly-6C* cells (Fig. 2G)
and F4/80™" cells (Fig. 2I) in pancreata of diseased WT mice com-
pared to Gal-3 deficient mice. Itis well known that Gal-3 promotes
leukocyte recruitment and may act as an adhesion molecule when
it is present in inflammatory exudates [7].

Also, Gal-37/~ mice with AP exhibited significantly lower per-
centage (Fig. 2K) and total number of TLR-4-expressing neu-
trophils in comparison to WT mice (Fig. 2J). Similarly, level of
TLR-4 expression was significantly decreased on individual neu-
trophils derived from diseased Gal-3~/~ mice in comparison to
diseased WT mice (Fig. 2L). Inline with these findings, we also per-
formed immunofluorescent double staining with anti-TLR-4 and
anti-F4/80 antibodies, as well as anti-Ly-6G/Ly-6C antibody. As
expected, WT mice with AP had increased infiltration of Ly-6G/Ly-
6C* neutrophils that express TLR-4 (Fig. 2M) and F4/807 cells
that express TLR-4 (Fig. 20). Quantitative immunofluorescence
of the pancreatic tissue revealed significantly greater number of
TLR-4-positive neutrophils (Fig. 2N) and TLR-4-positive F4,/80
cells (Fig. 2P) in diseased WT animals compared to Gal-3/~ ani-
mals. The analysis summarized in Figure 2Q shows colocalization
of TLR-4 and Gal-3 on the same leukocytes in infiltrate. Con-
sistent with these findings, it is shown that Gal-3 is ligand for
TLR-4 in experimental neuroinflammation [8, 9]. Further, target
deletion of TLR-4 gene ameliorates experimental AP by signifi-
cantly reduced influx of neutrophil and tissue damage in severe
AP [10].

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Gal-3 deletion attenuates influx of N1 neutrophils and
pro-inflammatory accessory cells

Neutrophils, key players in acute inflammation, play crucial role
in a course of AP and infiltrate the pancreas within first hours
after induction of experimental model of AP [11]. After the induc-
tion of AP, Gal-3/~ mice had significantly lower number of neu-
trophils compared to WT mice (Fig. 2B). In tumor model, Fridlen-
der et al. [12] described two types of neutrophils: N1 neutrophils
and N2 neutrophils. N1 neutrophils secrete higher level of pro-
inflammatory cytokines, such as TNF-a and IL-1p, oxygen radi-
cals, and are more potent in activating cytotoxic T lymphocytes.
At the molecular level, N1 neutrophils express higher levels of
FasL molecule. We found that the total number of FasL-expressing
neutrophils was significantly higher in WT mice compared to Gal-
37/~ mice (Fig. 3A). Furthermore, we found significantly higher
expression of FasL per neutrophils isolated from pancreata of WT
mice compared to Gal-37/~ mice with AP (Fig. 3C). Importantly,
pancreata of WT mice had significantly higher percentage and
total number of IL-1B-producing neutrophils (Fig. 3D and E).

As shown previously (Fig. 2D), the total number of
F4/80%CD11c¢™ cells was significantly lower in pancreata of Gal-
37/~ mice. Intracellular staining shown significantly lower the
total number of these cells that produce TNF-a in Gal-37/~ mice
with AP (Fig. 3F). Also, the pancreata of Gal-3~/~ mice had lower
total number of F4/807CD11c" cells that produce IL-1p com-
pared to WT mice with AP (Fig. 3H). Intracellular staining of
CD11c*F4/80" cells revealed that WT mice with AP had signifi-
cantly increased total number of TNF-o-producing CD11c*F4/80~
cells (Fig. 3J). Furthermore, AP induction markedly decreased
total number of IL-1B-producing CD11c*F4/80" cells in Gal-37/~
mice in comparison to WT mice (Fig. 3L). Our results were also
in accordance with those of Yip et al. [9] that have shown in
the model of traumatic injury neutralizing anti-Gal-3 antibody
decreased expression of IL-1p and TNF-a.

Concluding remarks

In summing up, deletion of Gal-3 expressed in inflammatory cells
ameliorates AP by attenuating inflammatory response after dis-
ease induction. This is evident by lower infiltration of innate
immune cells. This is also supported by decreased production of
pro-inflammatory TNF-a and IL-1f.

sgfa“feﬂals and methods

Animals

We used 6-8 weeks old Gal-37~ mice on C57BL/6 background
and WT C57BL/6 mice in all experiments. Targeted deletion of
Gal-3 gene was done in C57BL/6 embryonic stem cells by Hsu
et al. as previously described [13]. Breeding pairs of Gal-37/~
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Figure 2. The number of infiltrating cells is lower in the pancreas of Gal-3~/~mice with BPD ligation-induced acute pancreatitis. (A) The total
number of pancreas-infiltrating leukocytes was determined by flow cytometry. The total number and representative flow cytometry plots illus-
trating percentages of neutrophils (B, C) and macrophages (D, E). The total number was calculated per pancreas. Data are shown as the mean +
SEM of 12 mice per group per experiment and are pooled from two independent experiments. *p < 0.05; Student’s t-test. (F) The representative
immunohistochemical image of infiltration of Ly-6G/Ly-6¢™ neutrophils (black arrows). Scale bar: 100 um. Images are representative of two inde-
pendent experiments (12 mice per group in each experiment). (G) Immunchistochemical analyses of the amount of Ly-6G/Ly-6C-positive areas
were performed on pancreatic tissue sections. *p < 0.05; Student’s t-test. (H) Representative immunohistochemical image of infiltration of F4/80"
cells (black arrows). Scale bar: 100 pm. Images are representative of two independent experiments (12 mice per group in each experiment). (I)
Quantitative immunohistochemistry of the F4/80-positive area in pancreata. ‘p < 0.05; Student’s t-test. The total number and representative FACS
plots illustrating percentages of TLR-4-expressing neutrophils (J and K). Data are shown as mean + SEM of 12 mice per group per experiment
from two independent experiments, ‘p < 0.05; *'p < 0.001, Student’s t-test. (L) Quantification of mean fluorescence intensity (MFI) level for TLR-4
in gated CD11b*Ly6G* cells. (M) Double immunofluorescent staining of Ly-6G/Ly-6C (green) and TLR-4 (red) together with DNA staining with
DAPI (blue) in pancreata from representative Gal-3~/~ (top) and WT mice with AP (bottom). Scale bar: 25um. Images are representative of two
independent experiments (10 mice per group in each experiment). (N) Number of TLR-4* neutrophils from pancreata 72 h after BPD ligation. Data
are shown as the mean +SEM, ‘p < 0.05; *p < 0.001; Student’s t-test. (O) Immunofluorescent double staining using an anti-F4/80 antibody (red)
and an anti-TLR-4 antibody (green) together with DNA staining with DAPI (blue) in pancreata from representative Gal-3~/~ (top) and WT mice with
AP (bottom). Scale bar: 25 jum. Images are representative of two independent experiments (10 mice per group in each experiment). () Number of
TLR-4* macrophages from pancreata of diseased animals 72 h after BPD ligation. Data are shown as the mean + SEM, **p < 0.001; Student’s t-test.
(Q) Colocalization of Gal-3 and TLR-4 in infiltrating cell in pancreata 72h after induction of AP. Scale bar: 25 um. Images are representative of two
independent experiments (10 mice per group in each experiment).
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Figure 3. Galectin-3 deletion diminishes pro-inflammatory phenotypes of innate immune cells. The total number and representative flow cytome-
try plots displaying the frequency of FasL-expressing neutrophils (4, B). (C) Quantification of MFI level for FasL in gated CD11b*Ly6G* cells. The total
number and representative flow cytometry plots displaying the frequency of IL-1p-producing neutrophils (D, E), TNF-a-producing F4/80* CD11c
cells (F, G), IL-1p-producing F4/807CD11c" cells (H, I), TNF-a-producing CD11C*F4/80" cells (J, K), and IL-1p-producing CD11C*F4/80" cells (L, M),
derived from the pancreas. Data are shown as mean + SEM of 12 mice per group per experiment and are pooled from two independent experiments,
*p < 0.05; *p < 0.001, two-tailed unpaired Student’s t-test.
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and WT C57BL/6 mice of the same substrain were housed in a
temperature-regulated environment with 12-h light-dark cycle in
conventional facilities of the Faculty of Medical Sciences, Univer-
sity of Kragujevac, Serbia. All experiments were approved by the
Ethics Board of Faculty of Medical Science and were performed in
accordance with relevant guidelines and regulations.

Induction of acute pancreatitis by BPD ligation

Acute pancreatitis was induced by BPD ligation to mimic severe
gallstone-induced pancreatitis as described by Samuel at al. [5].
The groups in the experiment were: Gal-3~/~ mice with BPD liga-
tion, WT mice with BPD ligation, Gal-3~/~ mice with sham opera-
tion, and WT mice with sham operation. For survival studies, we
observed mice twice daily after BPD ligation. Mice were sacrificed
by euthanasia when they showed signs of marked distress and
suffering or on day 15 if without clinical signs of disease. For the
determination of disease severity and analysis of infiltrating cells,
mice were sacrificed 72 h after surgery.

Histopathological and cellular analysis of pancreas

Portions of pancreata from all animal groups were fixed in for-
malin and embedded in paraffin and 5 mm sections were stained
with H&E. Sections were analyzed in a blindly fashion by two
observers. The scoring system used as previously suggested.

Pancreatic leukocytes were isolated using collagenase diges-
tion method, as previously described [14]. Flow cytometric anal-
ysis was performed as detailed in Cossarizza et al. [15]. The
cells were labeled with the following monoclonal antibodies:
anti-mouse CD11b, TNF-a, CTLA4, and F4/80Abs conjugated
with fluorescein isothiocyanate (FITC, BD Bioscience, Franklin
Lakes, NJ); anti-mouse FasL, and IL-1p Abs conjugated with PE
(BD Bioscience); anti-mouse Ly-6G, CD11c and F4/80 Abs conju-
gated with peridinin chlorophyll protein (PerCP, BD Biosciences);
and anti/mouse and CD11b Abs conjugated with allophycocyanin
(APC, BD Bioscience). For intracellular staining, the cells were
activated as previously described [16]. Flow cytometric analysis
was conducted on a BD Biosciences FACS Calibur and analyzed
by using the FlowJo software (Tree Star, Ashland, OR).

Immunohistochemistry of mouse pancreatic samples

Formalin-fixed, paraffin-embedded mouse pancreatic tissue sec-
tions were incubated with rabbit anti-mouse F4/80 (ab100790,
Abcam, Cambridge, UK) and Gal-3 (ab53082, Abcam), and
rat anti-mouse Ly-6G/Ly-6C (RB6-8C5, Novusbio, Littleton, CO,
USA). Sections were visualized by rabbit-specific conjugate
(ZytoChem Plus HRP Kit; Zytomed, Berlin, Germany), and rat-
specific HRP-conjugated antibody (HAF005, R&D Systems, D Sys-
tems, Minneapolis, MN) and photomicrographed with a digital
camera mounted on the light microscope (Olympus BX51). The

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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cells stained brown were considered as positive and results are
expressed as percent positive staining in the pancreata calculated
using Image J software.

Immunofluorescent staining was performed using rabbit anti-
mouse F4/80 (1:800), Gal-3 (1:500) antibodies (Abcam), fol-
lowed by incubation with goat anti-rabbit IgG antibody conjugated
with FITC (1:1000; Abcam), than using rat anti-mouse TLR-4 ant-
body (1:10; R&D Systems), followed by incubation with donkey
anti-rat IgG antibody conjugated with PE (1:150, Abcam); and
using rat anti-mouse Ly-6G/Ly-6C Antibody (1:500, Novus Bio-
logicals, CO, USA), followed by incubation with donkey anti-rat
antibody conjugated with biotin (1:500, Abcam) and goat anti-
biotin antibody conjugated with FITC (1:100, Abcam). The sec-
tions were mounted with ProLong Gold antifade reagent with DAPI
(Invitrogen, Thermo Fisher Scientific, USA). Images were obtained
and analyzed using an immunofluorescence microscope (Olympus
BX51). Only brightness and contrast were adjusted. Results are
presented as a mean count of double-stained cells per field.

Statistical analysis

All data are presented as the mean + SEM. The normality of
distribution was tested by Kolmogorov-Smirnov test. The two-
tailed Student’s t-test or nonparametric Mann-Whitney rank-sum
test were used depending on the normality of distribution. The
results were considered significantly different when p < 0.05. The
data were analyzed using SPSS version 20, statistical package.
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The spectroscopically predicted structure of the obtained copper(Il)-complex with S-ethyl derivative of
thiosalicylic acid was confirmed by X-ray structural study and compared to previously reported crystal
structure of the Cu complex with S-methyl derivative. Single crystals suitable for X-ray measurements
were obtained by slow crystallization from a water solution. Cytotoxic effects of S-alkyl (R = benzyl (L1),
methyl (L2), ethyl (L3), propyl (L4) and butyl (L5)) derivatives of thiosalicylic acid and the corresponding

binuclear copper(Il)-complexes on murine colon carcinoma cell lines, CT26 and CT26.CL25 and human
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colon carcinoma cell line HCT-116 were reported here. The analysis of cancer cell viability showed that all
the tested complexes had low cytotoxic effect on murine colon carcinoma cell lines, but several times
higher cytotoxicity on normal human colon carcinoma cells.

© 2016 Published by Elsevier B.V.

1. Introduction

The success of cisplatin in the treatment of various types of
neoplasms has placed the coordination chemistry of metal-based
drugs in the frontline in the cancer chemotherapy [1-3].
Although cisplatin is widely used as an anticancer drug, the treat-
ment is still dose-limited by side effects, narrow therapeutic win-
dow and acquired resistance. These problems in the therapy have
increased the interest in developing alternative strategies based on
different metals with improved pharmacological properties. Over
the years a large number of complexes containing platinum or non-
platinum metals have been studied as potential cancer chemo-
therapeutic agents. Scientists synthesized and characterized
various metal complexes, where the nature of both the metal and
the ligand were varied. Investigations in this field are focused on

* Corresponding author.
E-mail address: vasic_gordana@yahoo.com (G.P. Radi¢).

http://dx.doi.org/10.1016/j.molstruc.2016.03.058
0022-2860/© 2016 Published by Elsevier B.V.

the use of biologically active complexes, such as copper coordina-
tion compounds [4,5].

Copper-based complexes have been investigated on the
assumption that endogenous metals may be less toxic for normal
cells compared to cancer cells. However, copper can also be toxic
due to its redox activity and affinity for binding sites that should be
occupied by other metals. The exact role of copper in cancer is not
yet fully understood, but it is possible to be involved via oxidation
processes and the production of ROS (ROS = Reactive oxygen spe-
cies) and its involvement in angiogenic processes [6—8].

Numerous copper(Il)-complexes exhibiting cytotoxic activity
have been reviewed so far. Structurally, these compounds usually
include a variety of aromatic molecules as ligands, which can be
coordinated through N, S and O donor atoms [3]. The combination
of copper(ll) salts and specific copper chelators have been shown to
suppress proliferation of different types of human cancer cells [1]. A
great variety of copper complexes including different classes of li-
gands, such as derivatives of thiosemicarbazones, imidazole, pu-
rine, pyrrolidine and pyridine have been proposed as potential
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Scheme 1. The preparation of the benzyl (L1), methyl (L2), ethyl (L3), propyl (L4) and butyl (L5) derivatives of thiosalicylic acid.

Table 1
Crystallographic data for C3.

Empirical formula Cyg HzgCu0sS;

Formula weight 444.00

Color, crystal shape Green, prism
Crystal size (mm®) 0.36 x 0.18 x 0.11
Temperature (K) 293(2)
Wavelength (A) 1.5418
Crystal system Triclinic
Space group P1-

Unit cell dimensions

a(A) 7.5102(3)

b (A) 10.8709(5)
c(A) 12.1557(6)
af®) 83.578(4)
8C) 89.304(3)

Y () 76.314(4)
V(A% 958.09(8)

z 2

Daaic (Mg/m?) 1.539
u(mm™) 3.875

6 range for data collection (*) 3.66 to 72.64
Reflections collected 8944
Independent reflections, Rint 3804, 0.0185
Completeness (%) to f = 67 99.9
Refinement method Full-matrix least-squares on P
Data/restraints [parameters 3804/0/245
Goodness-of-fit on F? 1.049

Final Ry/wR; indices [I >2a(1)] 0.0273/0.0748
Final Ry/wR; indices (all data) 0.0292/0.0764
Largest diff. peak and hole (e A=%) 0.313/-0.279

anticancer agents [9-11]. Copper(ll}-complexes with ligands from
the group of NSAIDs (NSAIDs = Nonsteroidal anti-inflammatory
drugs) and other therapeutic ligands were also found to be cyto-
toxic [12].

0\\C /OH

® seuog, 22, 0_<

Thiosalicylic acid and its derivatives are used for metal deter-
mination [13,14], as modificators for graphite paste electrodes [15],
as photoinitiators for free radical polymerization [16], in cosmetics
[17], in inflammatory, allergic and respiratory diseases treatments
[18], as well as Ras-tumor growth inhibitors [19]. In our previously
published paper we investigated the antimicrobial activity of some
S-alkyl derivatives of thiosalicylic acids and the corresponding
copper(Il)-complexes. We concluded that all the tested compounds
showed moderate or selective antimicrobial activity and low anti-
fungal activity. The copper(ll)-complexes showed similar or higher
activity than the corresponding S-alkyl derivatives of thiosalicylic
acid [20].

The complex forming ability of thiosalicylic acid with copper(II)
have been previously recorded. Subrahmanyan et al. reported the
formation of a blue complex containing copper(Il) with thiosalicylic
acid in which the metal ion occupied only one of two potential sites
of the ligand: the —SH group [21]. Anjaneyulu et al. reported the
formation of a light green complex containing copper(Il) with thi-
osalicylic acid and acetylacetone as bidentate ligands [22]. Then,
Ferrer et al. reported synthesis and characterization of dimeric
copper(ll)-complex with thiosalicylic acid and pyridine [23].
Mawgoud et al. reported synthesis of copper(ll) ternary complexes
with thiosalicylic acid and amino acids as ligands [24]. Idriss et al.
investigated spectrophotometrically the complex formation be-
tween copper(ll)-mercaptonic acid and thiosalicylic acid [25].

The aim of this paper is to research the in vitro cytotoxic effects
of the earlier synthesized S-alkyl derivatives of thiosalicylic acid
and the corresponding copper(ll)-complexes. In this study, we
report the cytotoxicity of five ligands precursors, S-alkyl derivatives
of thiosalicylic acid (L1-L5), and their corresponding five
copper(ll)-complexes (C1—C5) on murine colon carcinoma cell

A G

N
< o ,o//o

-3 Cu—OH,

= N
o 0
7 N
nE ~a

R=benzyl (C1), methyl (C2), ethyl (C3), propyl (C4), butyl (C5)

Scheme 2. The preparation of the binuclear copper({ll)-complex with S-alky! derivatives of thiosalicylic acid.
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Fig. 1. Crystal structure and the atom numbering scheme of molecule €3. Displace-
ment ellipsoids are drawn at the 30%.

lines, CT26 and CT26.CL25 and human colon carcinoma cell line
HCT-116. We show here that our new copper(ll)-complexes have
low cytotoxic effect on murine colon carcinoma cell lines, but
several times higher cytotoxicity on normal human colon carci-
noma cells. In addition, we also report in this paper the new crystal
structure of the Cu complex with ethyl derivative of thiosalicylic
acid (€3) in order to compare the fine structural differences and the
effects of intermolecular interactions with respect to previously
reported Cu(ll) complex with the methyl derivative of the same
ligand (C2).

2. Experimental
2.1. Materials and measurements

The reagents were obtained commercially and used without
further purification. Elemental analyses were done on a Vario Il
CHNOS Elemental Analyzer, Elemental Analysensysteme GmbH. For
infrared spectra a Perkin—Elmer FTIR 31725-X spectrophotometer
and KBr pellet technique were employed.

2.2. Syntheses

2.2.1. General procedure for the synthesis of S-alkyl derivatives of
thiosalicylic acid (L1)—(L5)

The S-alkyl derivatives of thiosalicylic acid ligands
(alkyl = benzyl (L1), methyl (L2), ethyl (L3), propy! (L4), butyl (L5))
were prepared [26] by alkylation of thiosalicylic acid by means of
the corresponding alkyl halides in alkaline water-ethanol solution
(Scheme 1).

2.2.2. General procedure for the synthesis of copper(Il)-complexes

with S-alkyl derivatives of thiosalicylic acid, (C1)—(C5)
Copper(ll)-nitrate trihydrate (0.1000 g, 04139 mmol) was dis-

solved in 10.0 mL of water on a steam bath and S-alkyl thiosalicylate

Table 2

Selected bond lengths (A) and angles (*) of C3.

Cul-Cut! 2.611(1) Ola—Cul-01b 86.18(6)

Cul-Ola 1.988(1) Ola—Cul-02b 92.44(5)

Cul-02a 1.955(1) 01b—Cul-02a’ 91.29(6)

Cul-01b 1.982(1) 02a'—Cul-02b 87.84(5)

Cu1-02b 1.958(1) Ola—Cul-Olw 99.05(6)

Cul-0O1lw 2.135(1) 01b—Cul-0lw 97.18(6)

Ola-Cla 1.260(2) 02a'—Cul 01w 92.42(6)

02a-Cla 1.255(2) 02b'-~Cul-0lw 94.15(6)

01b-C1b 1.255(2) Ola—Cul-02a' 168.48(5)
02b-C1b 1.261(2) 01b—Cul-02b' 168.66(5)
C3a-Sla 1.761(2) Cla—C2a-C3a 124.31(16)
C8a-Sla 1.812(2) Cla—C2a—C7a 115.94(17)
C3b-S1b 1.763(2) C1b-C2b-C3b 124.36(15)
C8b-S1b 1.815(2) C1b-C2b-C7b 116.57(15)

Symmetry codes: (i) —x, -y, —z+1.

(alkyl = benzyl (L1), methyl (L2), ethyl (L3), propyl (L4), butyl (L5))
was added. The reaction mixtures were heated for 3 h and during
this period 10.0 mL of LiOH aqueous solution (0.0348 g,
0.8278 mmol) was added in small portions and the solutions were
filtered and evaporated to a small volume. The blue precipitates of
copper(ll)-complexes were separated by filtration, washed with
cold water and air-dried [20]. Single crystals of [Cuy(S-et-thio-
sal)a(H20)2], (€3) suitable for X-ray measurements were obtained
by slow crystallization from a water solution by evaporation.

2.3. Single crystal X-ray crystallography

Single-crystal diffraction data for [Cuy(S-et-thiosal)s(H20);]
(€3) were collected at room temperature on an Agilent Gemini S
diffractometer equipped with Cu Ka radiation (. = 1.5418 A). Data
reduction and empirical absorption corrections were performed
with CrysAlisPro [27]. Crystal structure was solved by direct
methods, using SIR2002 [28] and refined using SHELXL program
[29]. The hydrogen atoms attached to C atoms were placed at
geometrically idealized positions with C—H distances fixed to 0.93,
0.97 and 0.96 A from phenyl, methylene and methyl C atoms,
respectively. The isotropic displacement parameters were set equal
to 1.2Ueq and 1.5Ueq of the parent C atoms. The hydrogen atoms of
the apical water ligands were located in difference Fourier map and
refined isotropically. The crystallographic data are listed in Table 1.
The PARST [30] and PLATON [31] programs were used to perform
geometrical calculation and the program ORTEP [32] was employed
for molecular graphics.

24. In vitro cytotoxicity studies

2.4.1. Preparation of drug solutions
The complexes were dissolved in 10% dimethylsulfoxide (DMSO)
in distilled water at a concentration of 10 mM and filtered through a

Table 3
Geometrical parameters (A°) of hydrogen bonding and weak intermolecular in-
teractions in C3.

D-H..A D-H D..A H..A D-H..A
O1w-Hiw ... O1b" 0.68(3) 3.058(2) 2.50(3) 140(3)
Olw-H2w ... O1a" 0.69(3) 3.127(2) 2,50(3) 151(3)
Olw-Hlw ... S1b' 0.68(3) 3412(2) 2.77(3) 155(3)
O1w-H2w ... S1a¥ 0.69(3) 3.487(2) 2.88(3) 147(3)
09a-Hgal ... 02aill 096 3.457(3) 256 155
09b-H9b3 ... 02b 0.96 3.404(3) 250 157
Cab-H4b ... Cgl™ 093 3.803(2) 312 131

Symmetry codes: (i) -x+1,-y,-z+1; (iii) X+1,+y,+2; (iv) 1-x, -1-y, 1-z.
Cgl refers to centroid of C2a/C7a ring.
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Fig. 2. Representative graphs of CT26, CT26.C125, and HCT-116 cell survival after 72 h cell growth in the presence of copper(ll}-complexes and ligand precursors. Each point
represents a mean value and standard deviation of 3 experiments with 3 replicates per dose.

0.22 mm Millipore filter. These stock solutions were diluted in
culture medium immediately before use. MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium-bromide was dis-
solved (5 mg/mL) in a phosphate buffer saline having a pH of 7.2,
and filtered through the 0.22 mm Millipore filter before use. All
reagents were purchased from Sigma Chemicals.

2.4.2. Cell culture

CT26 and CT26.CL25 cells were purchased from the American
Type Culture Collection (ATCC, Manassas, USA). HCT-116 cells were
kindly provided by Dr Danijela Vignjevi¢ (Institute Curie, Paris,
France). The cells were maintained in DMEM (Sigma Aldrich,
Munich, Germany) supplemented with 10% fetal bovine serum
(FBS, Sigma Aldrich, Munich, Germany), penicillin (100 IU/mL),

streptomycin (100 pg/mL) in a humidified atmosphere of 95% air/5%
CO; at 37 °C. Subconfluent monolayers, in log growth phase, were
harvested by brief treatment with 0.25% trypsin and 0.02% EDTA in
phosphatebuffered saline (PBS, PAA Laboratories GmbH) and
washed three times in serum-free PBS. The number of viable cells
was determined by trypan blue exclusion.

24.3. Cytotoxicity assays

The effects of the tested compounds on cell viability were
determined using MTT colorimetric technique. CT26, CT26.CL25,
and HCT116 cells were diluted with growth medium to 5-10* cells/
mL and aliquots (5-103 cells/100 mL) were placed in individual
wells in 96-multiplates. The next day the medium was exchanged
with 100 pL of different compounds, which had been serially

187



268 M.V, Nikoli¢ et al. / Journal of Molecular Structure 1116 (2016) 264271

Table 4

1Cs0 (M) for the 72 h of action of the investigated compounds, ligand precursors
and copper(ll)-complexes on CT26, CT26.CL25, and HCT-116 cell lines, determined
by MTT assay.

Compound CT26 CT26.CL25 HCT116

ca 295.65 + 36.64 307.21 + 44.87 60.17 £ 11.01
(v) 279.16 £ 71.11 280.23 + 79.81 67.21 + 10.62
a 29192 +61.24 28629 +52.19 7534 +16.53
c 407.58 + 3847 375.55 + 2531 91.59 + 1521
cs5 402.29 + 4133 360.19 + 18.08 59.32 +9.83
L1 37446 + 26.75 328.79 £ 13.74 137.01 £ 13.74
2 331.84 + 64.46 42717 +32.27 14314 £ 17.14
3 349.14 £ 51.19 513.27 +79.50 171.24 + 1423
L4 848.83 + 63.05 859.56 + 67.93 130.89 +19.13
L5 585.70 + 38.58 584.53 + 4047 82.65 +11.07
Cisplatin 9.45 +3.06 2121 +819 2541 +£7.14

# Mean values + standard deviation from four independent experiments.

diluted 2-fold in the medium to concentrations ranging from
1000 pM to 7.8 uM in growth medium. Each compound was tested
in triplicate. The cells were incubated at 37 °C in a 5% CO, for 72 h.
After incubation the supernatant was removed and 15% MTT so-
lution (5 mg/mL in PBS, 10 pL) in DMEM medium without FBS was
added to each well. After an additional 4 h of incubation at 37 °C in
a 5% CO,, the medium with MTT was removed and DMSO (150 pL)
with glycine buffer (20 pL) was added to dissolve the crystals. The
plates were shaken for 10 min. The optical density of each well was
determined at 595 nm using microplate Zenyth 3100 Multimode
detector. The percentage of cytotoxicity was calculated using the
formula: % cytotoxicity = 100-((E-B)/(S—B)-100), where B is for
background of medium alone, S is for total viability/spontaneous
death of untreated target cells, and E is for experimental well. Each
of the tested complexes was evaluated for cytotoxicity in three
separate experiments.

2.44. Apoptosis assay

For the detection of apoptosis, cells were plated at T25 culture
flasks and allowed to grow overnight. After the cells reached sub-
confluency, medium was replaced with tested complexes (15 uM).
Exposed cells were placed at 37 °C in a 5% CO; incubator for 24 h.
Cultured cells were washed twice with PBS, and resuspended in 1x
binding buffer (10x binding buffer: 0.1 M Hepes/NaOH (pH 7.4),
1.4 M NaCl, 25 mM CaCl,) at concentration 1-10°/mL. Annexin FITC
and propidium iodide (PI) were added to the 100 pL of cell sus-
pension and incubated for 15 min at room temperature (25 °C) in
the dark. After incubation 400 pL of 1x binding buffer was added to
each tube and stained cells were analyzed within 1 h using FACS
Calibur (BD, San Jose, USA) and Flow Jo software (Tri Star). Since,
Annexin V FITC staining precedes the loss of membrane integrity
that accompanies the later stage identified by PI, Annexin FITC
positive, Pl negative indicates early apoptosis, while viable cells are
Annexin V FITC negative, PI negative. Cells that are in late apoptosis,
or already dead are both Annexin V FITC and PI positive.

3. Results and discussion
3.1. Synthesis and chemical characterization

Copper(ll)-complexes with S-alkyl derivatives of thiosalicylic
acid, [Cuy(S-alkyl-thiosal)a(H20)2], were obtained by the direct
reaction of copper(ll)-nitrate with the S-alkyl derivatives of thio-
salicylic acid (in a molar ratio of 1:2) in water solution (Scheme 2),
as described earlier [20]. Based on the content of the complex and
the shape of their infrared spectra, it can not be concluded with
certainty how S-alkyl derivatives of thiosalicylic acid are coordi-
nated to copper(ll)-ion. The proper molecular structure was

obtained on the basis of X-ray analysis of [Cux(S-met-thio-
sal)4(H20);] [20] and [Cuy(S-et-thiosal)4(H20),] complexes. Single
crystals suitable for X-ray measurements were obtained by slow
crystallization from a water solution. Based on crystal structures of
the [Cuy(S-met-thiosal)y(H;0);] and [Cuy(S-et-thiosal)y(H,0);]
complexes, it can be assumed that the other complexes have the
binuclear molecular structure.

3.2. Structural description of the complex [Cuy(S-et-
l’hiosa’)q(HzO)z], (C3)

The single-crystal X-ray analysis showed that C3 crystallizes in
the triclinic P-1 space group. The crystal structure is built out of
centrosymmetric, dinuclear complex molecules where the pairs of
Cu(lII) are bridged by four S-ethyl-thiosalicylate ligands forming the
paddle-wheel type structure (Fig. 1). The Cu ... Cu distance of
2.611(1) is similar to 2.614 A found in dimeric copper(ll)-acetate
[33]. In C3 the Cu(ll) is placed in a distorted square-pyramidal
environment (Table 2), formed by oxygen atoms of carboxylate li-
gands in the basal plane, and water ligand in the apical position.
Copper(Il)-ion is displaced from the plane of the square base for
0.195(1) A. The geometrical features of C3 could be closely
compared with those reported for Cu(ll)-complex with S-methyl-
thiosalicylate derivative, C2 [20] containing two crystallographicaly
independent molecules in the asymmetric unit. The Cu—0O coordi-
nation bond lengths in €3 are within the ranges observed in the
independent molecules of structure C2. Similarly to the previous
structure, each of thiosalicylate ligands (A and B, Fig. 1) shows
unsymmetrical coordination to Cu(Il)-ion. Thus, for two ligands of
C3 the Cu—01 is longer than Cu—02 bond for 0.028 A in average
(Table 2), while in C2 the analogue coordination bonds in two in-
dependent molecules differ for 0.011 and 0.025 A in average. The
water oxygen atom in C3 is placed at somewhat shorter distance
from Cu(ll)-ion [2.135(1) A] in comparison to €2 [2.146 A in
average). Due to the free rotation around the single C1—C2 bonds in
both ligands [1.502(2) and 1.502(3) A in A and B, respectively], the
dihedral angles between the planes of phenyl ring C2/C7 and car-
boxyle group are 16.0(2) and 16.6(2)° in A and B, respectively. For
complex €2, with two independent molecules, the variation in
these dihedral angles is more pronounced and it ranges from 5.8(2)
to 24.3(2)°. It should be noticed that S-ethyl moieties in both li-
gands of €3 are nearly coplanar with the phenyl rings with maximal
deviation of terminal C9 atoms of 0.142(5) and 0.154(6) A in A and B
ligands, respectively.

In the crystal packing the molecules of C3 are connected into a
chain by two pairs of the Olw—H ... O1 hydrogen bonds which
involve axially coordinated water molecule as a donor and two
carbonyl oxygen atoms as acceptors (Table 3, Fig. S1). The chain of
molecules involving similar donor and acceptor groups, which is
also found in compound C2, appears to be rather common struc-
tural motif of paddle-wheel Cu(ll)-complexes heaving the water
molecule as axial ligand. In our previous paper [20] we analyzed the
crystal structures of 26 similar [Cuy(ArCOO )4(H;0),] (ArCOO is any
aromatic carboxylate ligand) extracted from Cambridge Structural
Database [34] in order to understand the factors influencing the
deformation of the corresponding Cu,C40g paddle-wheel cores. We
found that 16 structures form similar chain of molecules via
Olw-H ... O interactions between the water and carboxyle ligands.
In such arrangement the deformation of paddle-wheel cores manly
arises i) from the engagement of the carboxyle O atoms as acceptors
in hydrogen bonds and also ii) from the tendency of the closely
adjacent and substituted phenyl rings to avoid the sterical hin-
drance, particularly if their rotation is partly reduced. The CuyC40g
core in C3 is also noticeable distorted, as two Cu1—-01-C1 angles
(118° in average) involving O1 acceptors of Olw—H ... O1 are
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significantly smaller in comparison to angles Cu1—-02-C2 (128° in
average).

In the chain the O1w—H ... 01 hydrogen bonds are assisted by
the pairs of weaker O1w-H ... S1 and C9-H ... 02 interactions
which also engage the acceptor and donor sites from the phenyl S-
ethyl substituents (Fig. S1). It can be suggested that these in-
teractions partly reduce the rotation of the ortho-substituted
phenyl rings with respect to the corresponding carboxyl groups.
Apart from the pair of C9—H ... 02 interactions no additional sig-
nificant contacts can be found for the 02 acceptors. In the chain, the
closest distance between the Cu(ll) ions of the linked molecules is
5.117(1) A, similarly to the distance found for €2 (5.122 (2) A). The
neighboring chains of C3 are further connected by pairs of C—H ...
interactions involving the phenyl rings from both aromatic ligands
(Table 3). Figs. S2 and S3 display the fragments of this two-
dimensional molecule arrangement as viewed down a and c axis,
respectively.

3.3. In vitro cytotoxic activity

The MTT assay for cell viability shows that five newly synthe-
sized precursor S-alkyl derivatives of thiosalicylic acid, and their
corresponding copper(ll)-complexes after 72 h exhibit relevant
cytotoxic activity on human colon carcinoma cells, HCT-116 (Fig. 2),
with significantly lower activity on murine colon carcinoma cell
lines especially for concentrations from 31,25-250 uM. The cyto-
toxic effect was dose-dependent: the decrease of concentration of
the tested complexes was followed by marked increase of tumor
cell viability. Cytotoxic effect of all tested ligands and complexes
was stronger on HCT116 cell line compared to CT26 and
CT26.CL25 cell lines. Copper(II)-complexes showed similar, slightly
lower, cytotoxicity on human HCT116 cells compared with cisplatin.
However cytotoxic effect of new copper(ll)-complexes from con-
centrations 31,25—250 uM on murine cell lines CT26 and CT26.CL25
was significantly lower compared to the activity of cisplatin. There
was almost no differences in the cytotoxicity of ligands and com-
plexes on two murine cell lines CT26 and CT26.CL25.

Among the tested ligand precursors the ligands with shorter
alkyl side chain, L1, L2, and L3 showed higher cytotoxic effect on
CT26 and CT26.CL25 tumor cells (Fig. 2) compared to the ligands
with longer alkyl side chains, L4 and L5. Ligands L4 and L5 showed
an important cytotoxic effect only at the higher concentrations
(from 500 uM to 1000 puM). Such difference was not observed on
HCT116 cell line. However, there was no striking difference in
cytotoxic effect of all five tested complexes on all three tumor cell
lines (Fig. 2).

All the tested complexes had lower cytotoxic effect on tumor
cells cells after their exposure to complexes for 72 h when
compared to cisplatin (Table 4). The analysis of IC5g values showed
that copper(ll)-complexes had significantly stronger anti-
proliferative effect on HCT116 cells compared to CT26 and
CT26.CL25 cells (Table 4). Complexes C1, €2, and €3 had lower
cytotoxic effect towards CT26 and CT26.CL25 cells compared with
C4 and C5 (Table 4). However, the greater difference in cytotoxicity
on these two cell lines between the ligand and the corresponding
complex was observed for complexes with longer side chains C4
and C5. Copper(Il)-complex €1 and C5 had almost the same cyto-
toxicity towards HCT116 cells (IC59 = 60.17 uM vs 59.32 uM). Other
three complexes had slightly lower cytotoxic effect on HCT116 cells,
with the lowest effect of complex €4 (ICso = 91.51 uM) (Table 4).

Flow cytometry analysis was used to determine the potential for
induction of apoptotic death of tested copper complexes. The per-
centage of apoptotic CT26, CT26.CL25, and HCT116 cells after tre-
tament with copper complexes was determined by flow cytometric
detection of Annexin V+ Propidium lodide+ cells. Our results

indicate that tested complexes after 24 hours induce apoptotic
death of CT26, CT26.CL25, and HCT116 cells, higher in comparison
with corresponding ligands (Fig. 3). Mostly similar cytotoxic effects
of all tested complexes and cisplatin (concentration 15 uM) on all
three cell lines was detected. This finding is in correlation with the
results of cytotoxic effects of complexes with the same concentra-
tion (15 puM) after 72 hours exposure measured by MTT assay.

4. Conclusion

Synthesized S-alkyl derivatives of thiosalicylic acid, and their
corresponding copper(ll)-complexes demonstrated relevant cyto-
toxic activity on human colon carcinoma cells, HCT-116, with
significantly lower activity on murine colon carcinoma cell lines.
Cytotoxic effect of all the tested compounds was stronger on
HCT116 cell line compared to CT26 and CT26.CL25 cell lines.
Copper(II)-complexes showed slightly lower cytotoxicity on human
HCT116 cells compared to cisplatin. Cytotoxic effect of new
copper(ll)-complexes on murine cell lines CT26 and CT26.CL25 was
significantly lower compared to activity of cisplatin.

The spectroscopically predicted structure of the obtained
copper(ll)-complex with S-ethyl derivative of thiosalicylic acid was
confirmed by X-ray analysis. The crystal structure is built out of
centrosymmetric, dinuclear complex molecules where the pairs of
Cu(lI) are bridged by four S-ethyl-thiosalicylate ligands forming the
paddle-wheel type structure. In the crystal packing the molecules
are connected into a chain by two pairs of the Olw—H ... O1
hydrogen bonds which involve axially coordinated water molecule
as a donor and two carbonyl oxygen atoms as acceptors.
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The syntheses of tetradentate ligand, meso-1,2-diphenyl-ethylenediamine-N,N"-di-3-propanoic acid
(H»-1,2-dpheddp) and corresponding platinum(IV) and palladium(II) complexes are reported here. The
spectroscopically predicted structure of the obtained palladium(II) complex was confirmed by X-ray
analysis. Singe crystals suitable for X-ray measurements were obtained by slow crystallization from a
DMSO-water mixture. Cytotoxic effects of platinum(IV), palladium(II) complexes and cisplatin on the
4T1 and B16F1 cell lines were determined using the MTT colorimetric technique. The complexes showed
a dose dependence on cytotoxic effect toward both cell lines. Both complexes were less active than cis-
platin, the exception was concentrations above 62.5 pM of platinum(V) complex in the B16F1 cell line.

Keywords: meso-1,2-diphenyl-ethylenediamine-N, N'-di-3-propanoic acid; platinum(IV) complex;
palladium(II) complex; crystal structure; cytotoxicity

IIUTOTOKCHYHOCT HA KOMILUIEKCHTE HA TVIATHHA(IV) H ITAJIAJTITY M(II)
CO meso-1,2-JUPEHUJI-ETIWIEHTHAMUWH-N,N'-TH-3-IIPOITAHOHCKA KHCEJIITHA.

KPHUCTAJIHA CTPVKTVYPA HA KOMILUIEKCOT HA [Pd(1,2-dpheddp)]

Bo 0BOj Tpyd € OINMHMIIAHAa CHHTE3aTa Ha TETPAAEHTAaTHHOT JHraHfa, meso-1,2-nudeHmn-
eTHIIeHAHaMHH- N, N'-iH-3-T1p orlaHoHcKa kHcenHHa (H»-1,2-dpheddp), co coopBeTHHTE KOMIUIEKCH Ha
rwtatiHa(1V) 1 managuym(Il). CrieKTp ocKOoINCKH MpefBHaeHaTa CTPYKTYpa Ha AOOHEHHOT KOMILIEKC Ha
nanaguyMm(Il) e moTBpAeHa €O peHAreHcKa CTPYKTypHa aHalH3a. MOHOKPHCTAJHTE COOABETHH 32
PEHAreHCKHTE HCIHTyBakba ce JoOHeHH co 0aBHa KpHCTaJH3allja o7l BofeH pacTBop Ha DMSO.
ITuroToKkcHYHHTe eheKTH Ha KoMrutekcuTe Ha rutatiHa(IV) v Ha managuym(1D) Bp3 4T1 1 B16F 1 TvrioBu
Ha KJIeTKH ce orpezeneHH co MTT KoJlopHMeTpHja H cIop efleHH O cOOABeTHHTE e(eKTH Ha LHCIUTATHH.
JIBaTa KOMIUIeKca IT0KaXkaa JO3HPAUKH 3aBHCEH LIMTOTOKCHYEH e(eKT B3 JiBaTa THIIa KJIETKH. J[BaTa
KOMIUTEKCa IIOKaxkaa I1ociaba aKTHBHOCT Off OHAa Ha LHCIUIATHH, €O MCKIYYOK Ha ITOBHCOKHTE
KOHLIEHTpaLHH (Haz 62,5 M) Ha KoMITTeKCOT Ha rutaTiHa(IV) cripema kinetkure B16F1.

Kuryunu 360poBH: meso-1,2-mubeHrn-eTieHaHaMHH-N, N'-H-3-TTp OrTaHOHCKA KHCEJTHHA
rutaTHHa(IV )komruiekc; managuymM(Il)komrinekce; KpHCTanHa CTPYKTypa; LIMTOTOKCHYHOCT
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1. INTRODUCTION

Since the seventies, when cisplatin with anti-
tumor activity was discovered by Rosenberg and co-
workers [1, 2], thousands of platinum complexes
have been synthesized in order to obtain a new plati-
num(IV) compound with improved properties in
comparison to the parent drug cisplatin [3-5]. Plati-
num(IV) compounds are more inert than platinum(II)
species and this property may allow oral usage. Jolley
et al. [6] reported the synthesis and cytotoxicity of
several platinum(Il) and platinum(IV) complexes
containing ethylenediamine derivatives, including the
complex with the ethylenediamine-N,N-diacetate
ligand. The latter complex can be considered a vari-
ant of JM-216, having the carboxylate groups bonded
to the amine ligands. The authors found that com-
plexes of the type [PtClx(edda)] were less active than
JM-216 (JM-216 is pharmaceutical abbreviation
for the trans,cis,cis-diacetato-dichlorido-ammino-
cyclohexylammino-platinum(IV)-complex,  trans,
cis,cis [Pt(CH3COO)>Cla(NH;3)(c-CeHi1NH»)]) [6].

Natile and co-workers investigated how the
substitution of edda with eddp (eddp = ethylenedi-
amine-N,N'-di-3-propanoate ion) influenced their
biological activity and concluded that eddp-Pt(IV)
had lower activity than corresponding edda-Pt(IV)
complex [7]. They supposed this fact due to the
different complex geometry, s-cis in the case of
edda and frans in the case of eddp.

We wanted to extend the investigation of plat-
inum complexes with ethylenediamine-N,N'-di-3-
propanoate derivatives. The initial idea of this work
was to prepare a new linear edda-like ligand, meso-
1,2-diphenyl-ethylenediamine-N, N'-di-3-propanoic
acid and corresponding platinum(IV) complexes in
s-cis and/or trans geometries. In all of our attempts
we prepared only the s-cis geometrical isomer, with a
low solubility in water and common organic solvents.

The preparation and spectral characteriza-
tion of meso-1,2-diphenyl-ethylenediamine-N,N'-
di-3-propanoic acid and corresponding plati-
num(IV) and palladium(II) complexes were pub-
lished earlier [8] using the same method as Liu [9].
In the present study, palladium(II) complex with
meso-1,2-diphenyl-ethylenediamine-N, N'-di-3-pro-
panoic acid was characterized by X-ray analysis.

The aim of this paper is to synthesize palla-
dium(II) and platinum(IV) complexes and research
their cytotoxic effects in vitro.

2. EXPERIMENTAL

2.1. Materials and measurements

The reagents were obtained commercially and
used without further purification. Elemental analyses

were done on a Vario IIl CHNOS Elemental Analyz-
er, Elemental Analysensysteme GmbH.

2.2. Syntheses

2.2.1. Preparation of meso-1,2-diphenyl-
ethylenediamine, 1,2-dphen

The meso-1,2-diphenyl-ethylenediamine was
prepared according to the procedure described
earlier [10]. Benzaldehyde (30.00 g) was refluxed
with ammonium-acetate (60.00 g) for 3 h. The
reaction mixture was cooled and the product was
filtered and washed with ethanol. After recrystalli-
zation from 1-butanol N-benzoyl-N'-benzylidene-
meso-1,2-diphenyl-ethylenediamine was obtained.
Hydrolysis of that compound with 70% sulfuric
acid under reflux for 1 h produced meso-1,2-
diphenyl-ethylenediamine as the basic product of
hydrolysis.

2.2.2. Preparation of meso-1,2-diphenyl-
ethylenediamine-N,N'-di-3-propanoic acid
dihydrochloride-monohydrate,
H>-1,2-dpheddp-2HCI-H>O

3-Chloro-propanoic acid (4.34 g, 0.04 mol)
was dissolved in 5.0 ml of water on ice and care-
fully neutralized with cold water solution of 5.0 ml
NaOH (1.60 g, 0.04 mol). Meso-1,2-diphenyl-
ethylenediamine (4.24 g, 0.02 mol) was added to
this solution. The mixture was stirred for 4 h at
90°C, and during this period 5.0 ml NaOH water
solution (1.60 g, 0.04 mol) was introduced. After
that, 5.6 ml of 6 mol/l HCI was added and the re-
sulting solution was evaporated to the volume of
7.0 ml; 6.0 ml conc. HCI, 6.0 ml of ethanol and 6.0
ml of ether were added to the mixture. The white
precipitate of meso-1,2-diphenyl-ethylenediamine-
N,N'-di-3-propanoic acid dihydrochloride mono-
hydrate, H»-1,2-dpheddp-2HC1-H,O was separated
by filtration and refined with solution wa-
ter:ethanol = 1:2. Yield: 4.00 g, 44.69%. Anal.
Caled.  for  H»-1,2-dpheddp-2HCI'H.O =
ConnglzNzOs (Mr = 447.344): C, 53.69; H, 6.31;
N, 6.28. Found: C, 53.88; H, 6.70; N, 6.08.

2.2.3. Preparation of s-cis-dichlorido-(meso-1,2-
diphenyl-ethylenediamine-N,N'-di-3-propanoate)-
platinum(1V), s-cis-[PtClx(1,2-dpheddp)]

Potassium-hexachloridoplatinate(IV) (0.2000
g, 0.411 mmol) was dissolved in 10.0 ml water on
a steam bath and meso-1,2-diphenyl-ethylene-
diamine-N,N'-di-3-propanoic acid dihydrohloride

Maced. J. Chem. Chem. Eng. 35 (1), 79-86 (2016)

193



Cytotoxicity of platinum(1V) and palladium(11) complexes with meso-1,2-diphenyl-ethylenediamine-N,N'-di-3-propanoic acid §]

monohydrate (0.1839 g, 0.411 mmol) was added.
The reaction mixture was heated for 12 h; during
this period, 10.0 ml of LiOH water solution
(0.0394 g, 1.65 mmol) was added in small portions
and the solution was filtered and evaporated to a
small volume. The orange precipitate of s-cis-
[PtCly(1,2-dpheddp)] was separated by filtration,
washed with cold water and air-dried. Yield: 0.095
g, 37.25%. Anal. Calcd. for s-cis-[PtCly(1,2-
dpheddp)] = CrH26CLLN-,O4Pt (M, = 620.396)2 €
38.72; H, 3.57; N, 4.52. Found: C, 38.38; H, 3.81;
N, 4.60.

2.2.4. Preparation of (meso-1,2-diphenyl-
ethylenediamine-N,N'-di-3-propanoate) palladi-
um(II) complex threehydrate,
[Pd(1,2-dpheddp)]-3H>0

K>[PdCl4] (0.2000 g, 0.613 mmol) was dis-
solved in 10.0 ml of water on a steam bath and
meso-1,2-diphenyl-ethylenediamine-N,N'-di-3-pro-
panoic acid dihydrochloride monohydrate, H»-1,2-
dpheddp-2HCI-H,O (0.2742 g, 0.613 mmol) was
added. The mixture was stirred for 2 h and during
this period water solution of LiOH (0.059 g, 2.452
mmol in 10.0 ml of water) was introduced. The
complex [Pd(1,2-dpheddp)], as a yellow precipi-
tate, was filtered, washed with cold water and air-
dried. Yield: 0.25 g, 79.11%. Anal. Calcd. for
[Pd(1,2-dpheddp)] = C2H2sN>O7Pd (M, = 514.864)
(%): C, 46.65; H, 5.48; N, 5.44. Found: C, 46.64;
H, 5.87; N, 5.31.

2.3. X-ray experiment

The diffraction data from a selected single
crystal of [Pd(1,2-dpheddp)]-3H,O were collected
at room temperature with an Oxford Diffraction
Xcalibur Gemini S diffractometer equipped with
CuKa radiation (A = 1.5418 A). Data were pro-
cessed with CRYSALLIS software and corrected for
absorption by numerical absorption correction
method based on Gaussian integration over a mul-
tifaceted crystal model [11]. Crystal structure was
solved by direct methods, using SHELXS [12] and
refined using the SHELXL program [12].

Hydrogen atoms belonging to water mole-
cules were located in different Fourier maps and
refined as riding, with O—H = 0.85 A and Ui(H)
= 1.2Uy(O). Hydrogen atoms attached to carbon
and nitrogen atoms in the complex molecule were
placed at geometrically calculated positions with
C-H distances fixed to 0.98, 0.97 and 0.93 A from
methine, methylene and phenyl C atoms, respec-
tively, and N-H distances fixed to 0.91 A. The
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corresponding isotropic displacement parameters
of the hydrogen atoms were equal to 1.2 U, of the
parent C and N atoms. The PARST [13] program
was used to perform geometrical calculation and
the program ORTEP [14] was employed for mo-
lecular graphics. The crystallographic data are
listed in Table 1.

Table 1

Crystallographic data
for [Pd(1,2-dpheddp)]-3H>0

Empirical formula C20H2sN>07Pd
Formula weight 514.84

Color, crystal shape
Crystal size (mm?)

Yellow, prism
0.38 x 0.23 x 0.14

Temperature (K) 293(2)
Wavelength (A) 1.5418
Crystal system Orthorhombic
Space group Pna2:

Unit cell dimensions:

a(A) 20.8248(5)
b(A) 8.9226(2)
c(A) 11.2833(2)
VA 2096.57(8)
4 4

Deaic (Mg/m?) 1.631

1 (mm™?) 7.534

0 range for data collection (°) 4.25t0 72.43
Reflections collected 4787

Independent reflections, Rin 2991, 0.0261
Completeness (%) to 8 =67° 100.0
Refinement method Full-matrix least-
squares on F>
Data / restraints / parameters 2991/1/295
Goodness-of-fit on F? 1.057
Final Ri/wR: indices [/ >20(1)] 0.0283/0.0684
Absolute structure parameter [15]  -0.021(9)

Largest diff. peak and hole (e A% 0490 —0.535

2.4. In vitro cytotoxicity studies
2.4.1. Preparation of drug solutions

Platinum complexes were dissolved in dime-
thylsulfoxide at a concentration of 20 mM and
filtered through a 0.22 mm millipore filter. These
stock solutions were diluted in culture medium
immediately before use MTT, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide was
dissolved (5 mg/ml) in phosphate-buffered saline
with a pH of 7.2, and filtered through the 0.22 mm
millipore filter before use. All reagents were pur-
chased from Sigma Chemicals.

194



82 M Z. Mijajlovic et al.

24.2. Cell lines

The mouse breast tumor cell line 4T1 and
mouse malignant melanoma cell line B16F1 were
purchased from the American Type Culture Col-
lection (ATCC). The cells were maintained in
RPMI 1640 supplemented with 10% fetal bovine
serum (FBS), 100 IU/ml penicillin G and 100
mg/ml streptomycin.

2.4.3. Assessment of cytotoxicity

Cytotoxic effects of platinum(IV) and palla-
dium(II) complexes and cisplatin on 4T1 and
B16F1 cell lines were determined using the MTT
colorimetric technique [16]. The cells were diluted
with medium to 5-10* cells/ml and aliquots
(5-10°cells/100pu1) were placed in individual wells
in 96-multiplates. Approximately 24 h after cell
adherence, the medium was exchanged with 100
UM of platinum(IV) and palladium(II) complexes,
or cisplatin which had been serially diluted 2-fold
in medium to concentrations ranging from 500 pM
to 3.9 pM. Cells were incubated at 37°C in a 5%
CO; incubator for 72 h. After incubation superna-
tant was removed, 15% MTT (3-(4,5)-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium-bromide) (5
mg/ml in phosphate buffered saline) was added to
each well and the plates were incubated for an
additional 4 h. Upon incubation the cell-free su-
pernatants were suctioned off, and DMSO (150 pl)
and glycine buffer (20 pl) were added to dissolve
the crystals. The plates were shaken for 10
minutes. The optical density of each well was de-
termined at 595 nm using microplate multimode
detector Zenyth 3100. The percentage of cytotoxi-
city was calculated using the formula: % cytotoxi-
city = 100—((TS-BGO0)—E/(TS-BG0)x100), where
“BG0” stands for background of medium alone,
“TS” for total viability/spontaneous death of un-
treated target cells, and “E” for experimental well.

3. RESULTS AND DISCUSSION

Potassium-hexachloridoplatinate(IV) and po-
tassium-tetrachloridopalladate(I) react with meso-
1,2-diphenyl-ethylenediamine-N, N'-di-3-propanoic
acid  dihydrochloride = monohydrate, H»-1,2-
dpheddp-2HCI'H-O in aqueous solution in the pres-
ence of lithium hydroxide to give the s-cis-dichlo-
rido-(meso-1,2-diphenyl-ethylenediamine-N,N' -di-3-
propanoate)-platinum(IV), s-cis-[PtCly(1,2-dpheddp)]
and (meso-1,2-diphenyl-ethylenediamine-N,N'-di-3-
propanoate)palladium(Il)  complex, [Pd (1,2-
dpheddp)] respectively.

In the case of platinum(IV) complex with
two additional monodentate ligands the linear ed-
da-type tetradentate ligands can occupy four of the
sites around a central metal ion.

3.1. Crystal and molecular structure

of [Pd(1,2-dpheddp)]-3H>0

The crystal structure of  [Pd(1,2-
dpheddp)]-3H,O was determined by single-crystal
X-ray analysis. The complex molecule together
with the atom-labelling scheme is presented in
Figure 1. The selected geometric parameters are
listed in Table 2.

Fig. 1. Molecular structure and atom-numbering scheme
of [Pd(1,2-dpheddp)]. Displacement ellipsoids are drawn
at 30% probability level

The asymmetric unit consists of neutral
complex molecule and three molecules of co-
crystallized water. The 1,2-dpheddp ligand has two
halves that are equivalent in composition and la-
belled in the following text as fragments A and B.
The central palladium atom is placed in a deformed
square-planar environment formed by two N and
two O donor atoms of tetradentate eddp derivative.
In this coordination, atoms Pdl, Ola, Olb, Nla
and N1b deviate from the corresponding mean
plane by —0.008(2), 0.053(2), —0.050(2), —0.049(2)
and 0.054(2) A, respectively. The coordination
bonds belonging to A and B fragments (Table 2)
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show a noticeable difference in lengths which is
more prominent for two Pd-N bonds (0.04 A). The
rest of the equivalent bonds in A and B halves of
the molecule agree within the standard deviation
limits. The coordination angles deviate from the
ideal value of 90° by 4° on average.

Table 2

Selected bond lengths (A) and angles (°)
for [Pd(1,2-dpheddp)]. The values for two
equivalent halves of the molecule are given

in two columns labelled A and B.

Bond A B
Pdi-01 2.004(4) 2.023(3)
Pd1-N1 2.041(4) 2.004(4)
N1-C3 1.490(5) 1.471(5)
N1-C4 1.482(5) 1.498(6)
C1-Cc2 1.534(7) 1.530(9)
C2-C3 1.515(7) 1.506(6)
02-C1 1.233(6) 1.241(6)
C4-C5 1.521(6) 1.519(6)
C4a—C4b
Angle
O1-Pd1-N1 94.98(14) 93.47(15)
C3-N1-Pd1 109.4(3) 115.5(3)
C1-01-Pdl 128.7(3) 128.6(4)
N1-C3-C2 112.9(4) 110.6(4)
C1-C2-C3 118.7(4) 1159(4)
Ola-Pd1-O1b 86.57(15)
Nla-PdI-N1b 85.12(15)
Ola—Pd1-N1b 176.47(16)
Ol1b-Pdl-Nla 177.25(14)
Nla—-C4a—C4b 108.2(4)
N1b—C4b—C4a 102.9(3)

According to the Cambridge Structural Data-
base (CSD, Version 5.33 of 2012) [17], the present
crystal structure is the only example of a palladi-
um(II) complex with eddp derivative. In the case of
the other metal atoms, there are two octahedral
complexes of platinum(IV) [18, 19] and square-
pyramidal complex of copper(Il) with unmodified
eddp ligand [20]. As previously observed in the
complexes comprising propionate-chelates [18-21]
the six-membered chelate rings of [Pd(1,2-
dpheddp)]-3H»O are essentially planar in their car-
boxylate parts and puckered in their amino parts.
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Two six-membered chelate rings in the pre-
sent crystal structure exhibit some noteworthy
structural differences. Regarding the mean plane
defined by Pd1/01/C1/C2 (r.m.s. of fitted atoms is
0.009 A in both molecular halves), the atoms N1
and C3 significantly deviate i.e. to opposite sides
of the mean plane for —0.250(8) and 0.528(9) A in
fragment A and to the same side of the mean plane
for —0.153(7) and —0.801(8) A in fragment B. The
01-C1-C2-C3 torsion angle has the values of 25.7
(8) and 34.1(6)° in the fragments A and B respec-
tively. The significant difference is also observed
between the Pd-N1-C3 angles [109.4(3) and
115.5(5)° in A and B fragments, respectively],
while the equivalent bonds in two chelate rings
have similar lengths (Table 2).

The five-membered ring of the complex can
be described as twisted on the C4a—C4b bond.
Each of the C4 atoms attaches a phenyl substituent
which takes equatorial and axial position in A and
B parts of the ethylenediamine ring, respectively.
This is described by torsion angle Pd1-N1-C4-CS5,
with corresponding values of -173.0(3) and
81.8(4)°. The presence of voluminous phenyl sub-
stituents with dissimilar orientation induce the
noticeable difference between Nla—C4a—C4b and
N1b-C4b—C4a angles [108.2(4) and 102.9(3)°]. In
the complexes comprising unmodified eddp ligand
[18-20], the distribution of the angles within the
ethylenediamine fragment is more consistent (from
106.3 to 108.2°, not including the chelate angle).

The two phenyl rings in [Pd(1,2-
dpheddp)]-3H,O are mutually inclined, forming
the dihedral angle of 56.8(2)°. Although C4-C5
single bonds allow for free rotation, the axially
positioned phenyl ring takes specific orientation
with C6b-H6b group clearly directed towards Pd
atom. The torsion angle Pd1-C4b—C5b—C6b has
the value of —1.34(5)°, while H6b...Pd1 distance of
2.63 A is significantly shorter than the sum of cor-
responding Van der Waals radii (3.50 A).

In general, the molecules of co-crystallized
water have the most important role in the exten-
sive, three-dimensional hydrogen bonding network
of [Pd(1,2-dpheddp)]-3H,O (Table 3). Each com-
plex unit interacts with six-molecules of co-
crystallized water, where the water molecules
serve either as donors toward the carboxylate O
atoms or as acceptors engaging the N—-H groups.
The crystal structure is also stabilized by means of
weak C-H...Oand C-H...m.
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Table 3
Hydrogen bonds and C—H... w interactions (4, °)
D-H...A D-H D...A H..A D-H...A
Nla-Hla...Olw! 091 3.003(5) 2.12 163
N1b-H1b...02w! 091 2.824(7) 1.94 163
Olw —-H2w...02a' 0.85 2.760(6) 1.98 153
O2w-H3w...03w! 0.85 2.796(7) 1.95 171
02w-Hdw...02bii 0.85 3.010(6) 2.19 160
O2w—H4w...O1b 0.85 3.186(7) 2.49 139
O3w—H6w...02b" 0.85 2918(9) 2.13 155
0O3w—-H5w...Olal! 0.85 3.113(7) 2.33 154
C-H..m C-H H...Cg H...Perp C-H...Cg
C2a—H2al...Cg2" 097 383 3.10 116
C3b—H3b1...Cgl™ 097 297 297 126
C8a—HS8a...Cg2" 093 3.07 2.99 121

Cgl and Cg2 are centroids of phenyl rings in A and B fragments, respectively. Symmetry codes: (i) X, y, z;
(ii) =x+1,~y, z-1/2; (iii) —x+3/2, y=1/2, z=1/2; (iv) X, y-1, z; (V) =x+1, =y, z=1/2; (vi) X, y+1, z.

3.2. In vitro cytotoxic activity

In order to investigate the in vitro cytotoxic
potential of platinum and palladium complexes,
various concentrations of complexes were added to
target cells and the cell viability was determined
after 72 h by MTT assay. The complexes showed a
dose-dependence on cytotoxic effect toward both
cell lines (Fig. 2 and Fig. 3). Platinum(IV) complex
showed a higher cytotoxic effect compared to palla-
dium complex on both cell lines. Both complexes
were less active than cisplatin, except at concentra-
tions of the platinum complex above 62.5 uM on the
B16F1 cell line. Taking into consideration standard
deviations, ICsp values for the BI6F1 cell line were
approximately the same (Pt—223.38+25.12, Pd—
157.51414.09, cisplatin-186.63+£28.11).

4T
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8388
\\\
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1Y)
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0 39 7.8 15625 31.25 625 125 250
¢ um]

—+Pt +Pd -—cisplatin

Fig. 2. Cytotoxicity of investigated complexes and cisplatin
on 4T1 cells. Cytotoxicity was determined by MTT assay after
72 hours exposure to selected complexes. Data are presented
as the means from three independent experiments.
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0 39 78 15625 31.25 625 125 250 500
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-+ Pt +Pd -«cisplatin
Fig. 3. Cytotoxicity of investigated complexes and cisplatin
on B16F1 cells. Cytotoxicity was determined by MTT assay

after 72 hours exposure to selected complexes. Data are
presented as the means from three independent experiments.

The platinum complex showed a significant-
ly higher cytotoxic effect on 4T1 cells (ICs—
144.69+55.3) in comparison to the palladium com-
plex (ICs50-31.94+13.38) and cisplatin (ICso—
17.34+2.25) (Fig. 4 and Fig. 5).

4T1
250

200
150
100

50

0 [

Pt Pd

cisplatin

Fig. 4. ICso (uM) for the 72 h of action of investigated com-
pounds on 4T1 cells, determined by MTT assay
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B16F1
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Fig. 5. ICso (uM) for the 72 h of action of investigated com-
pounds on B16F1 cells, determined by MTT assay

4. CONCLUSION

In this paper, we reported the cytotoxicity of
platinum(IV) and palladium(Il) complexes with
meso-1,2-diphenyl-ethylenediamine-N, N'-di-3-pro-
panoic acid and the crystal structure of the [Pd(1,2-
dpheddp)] complex. Palladium(II) complex was
crystallized in the form of the trihydrate. The cyto-
toxic effects of platinum(IV), palladium(II) com-
plexes and cisplatin on 4T1 and B16F1 cell lines
were determined using the MTT colorimetric tech-
nique. In general, investigated complexes were less
active than cisplatin, except for the concentrations
of platinum(IV) complex above 62.5 pM on the
B16F1 cell line.
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ABSTRACT

Viral infection has been identified as the most likely en-
vironmental trigger of multiple sclerosis (MS). There are con-
Slicting data regarding the role of cytomegalovirus (CMV) in
MS pathogenesis.

We utilised experimental autoimmune encephalomy-
elitis (EAE)-resistant BALB/c mice and murine cytomega-
lovirus (MCMV), the murine homolog of CMV; to examine
the mechanism by which viral infection enhances autoim-
mune neuroinflammation. Mice subjected to latent neona-
tal MCMYV infection developed the typical characteristics of
EAE. Similar to MS, the MCMV-infected EAE-induced mice
developed infiltrates in the central nervous system (CNS)
composed of similar percentages of CD4+ and CD8+ T cells.
The influx of both Thl and Th17 cells into the CNS of MC-
MV-infected EAE-induced mice was observed. Interestingly,
the development of autoimmune neuroinflammation after
latent MCMYV infection was accompanied by a significant
influx of Tel7 cells (CD8+IL-17+ and CD8+RoRyt+) but
not Tel, cells. Our results suggest that latent MCMYV infec-
tion affects the development of inflammatory lymphocytes
that exhibit encephalitogenic potential, thereby mediating
increased CNS pathology following EAE induction, and
that CMV represents a possible environmental factor in the
pathogenesis of MS and other autoimmune diseases.

Key words: EAE, viral infection, CMV, BALB/c mice
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SAZETAK

Virusna infekcija se navodi kao najverovatniji faktor
okoline koji utice na razvoj multiple skleroze (MS). Po-
stoje konfliktni podaci o ulozi infekcije citomegaloviru-
som (CMV) u patogenezi multiple skleroze. Koristili smo
BALB/c miseve, rezistentne na indukciju eksperimentalnog
autoimunskog encefalomijelitisa (EAE), i misji citomegalo-
virus (MCMV), misji homolog humanom citomegalovirusu
da ispitamo kako virusna infekcija moze da utice na razvoj
autoimunske neuroinflamacije. Misevi sa latentnom neo-
natalnom infekcijom misjim citomegalovirusom su razvi-
li tipican EAE. Slicno kao u MS, MCMV EAE misevi su
razvili infiltrate u centralnom nervnom sistemu (CNS) sa
slicnom zastupljenoséu CD4+ i CD8+ T limfocita. Uocen
je influks i Th1 i Th17 éelija u CNS MCMV EAE miSeva.
Interesantno je da razvoj autoimunske inflamacije nakon
latentne MCMYV infekcije prati znacajan influks samo Tel7
(CD8+IL-17+ i CD8+RoRyt+), a ne i Tel Celija. Nasi rezul-
tati ukazuju da latentna MCMYV infekcija verovatno utice
na razvoj inflamatornih limfocita koji mogu da indukuju
autoimunski proces u CNS-u, direktno pojacava razvoj pa-
toloskih procesa u CNS-u nakon indukcije EAE i ukazuje
na CMV kao na mogudi faktor okoline koji utice na razvoj
multiple skleroze i drugih autoimunskih bolesti.

Klju¢ne reci: EAE, virusna infekcija, CMV, BALB/c
misevi
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory de-
myelinating disease of the central nervous system (CNS)
that is characterised by varied clinical courses, patholo-
gies, and inflammatory patterns (1). Experimental autoim-
mune encephalomyelitis (EAE) is an experimental model
of multiple sclerosis that is induced in susceptible animals
via active immunisation with myelin antigens mixed with
an adjuvant. MS is a multifactorial disease that develops in
susceptible hosts after introduction to environmental fac-
tors which trigger MS by promoting the activation of my-
elin-specific T cells that typically circulate in the periphery
(2). The most important environmental factor considered
to play a causal role in MS pathogenesis is infection (2). It
has been postulated that in susceptible individuals, altera-
tions in the mechanisms regulating the immune response
to viruses may contribute to MS pathogenesis. Among the
various infective agents, Epstein—Barr virus (EBV) has
been the most strongly associated with increased MS risk
(2). It was shown that EBV infection polarises the adaptive
immune response and heightens CNS pathology follow-
ing EAE induction and likely influences MS pathogenesis
(3). Additionally, an elevated CD8+ T cell response to EBV
lytic antigens has recently been detected in active MS and
during relapses (4).

Cytomegalovirus (CMV), which is classified into the
Betherpesvirinae subfamily, is a species-specific herpes
virus that establishes a life-long infection in its hosts. The
CMV virion contains a double-stranded DNA viral genome
whose latent and lytic types of genes encode approximately
230-250 proteins, many of which play immune-regulatory
roles (5). CMV initially infects epithelial cells, and after
cell-associated viremia, the virus infects different cells, in-
cluding fibroblasts, epithelial cells, endothelial cells, and
smooth muscle cells (6). CMV persists in myeloid precur-
sor cells, from CD34+ pluripotent stem cells to CD14+
monocytes, resulting in the latent infection of these cells
(7). When these cells subsequently enter the visceral pa-
renchyma and differentiate into macrophages or myeloid
dendritic cells, the latent virus reactivates into the lytic
phase, which activates T cell-mediated immunity to sup-
press the infection, indicating that CMV infection modu-
lates the immune response of the host.

However, studies investigating the association between
CMV and MS have been inconclusive due to conflict-
ing findings of both a protective and harmful influence
of CMV on MS, likely in part as a consequence of small
sample sizes. A recent well-powered meta-analysis found
no significant difference in the rate of CMV seropositivity
between MS patients and healthy controls based on pooled
samples from all studies to date (8). However, some evi-
dence for a protective effect of CMV infection on MS risk
was found when only prospective studies were included in
the analysis. However, all of these studies contain limita-
tions, as they did not assess the temporal relationship be-
tween CMV infection and MS onset or the influence of

CMYV infection at specific time points on the MS risk. In
all of these studies, CMV infection was confirmed only by
detecting anti-CMV antibodies without any data demon-
strating the presence of CMV DNA in the cells, the expres-
sion of lytic or latent viral genes or the temporal changes in
their expression during different phases of MS.

We have recently reported that BALB/c mice, which
are widely accepted as resistant to EAE induction using
the peptide MOG, ., developed EAE when ST2 signalling
was blocked (9, 10, 11, 12). In this study, we used new-
born BALB/c mice subjected to infection with MCMYV to
explore possible effect of latent CMV infection on EAE de-
velopment.

MATERIALS AND METHODS

Infection, Induction and Scoring of EAE

Female 6- to 8-week-old BALB/c mice were used
throughout this study. New-born mice 6 to 12 h post-
partum were inoculated i. p. with 200 PFU of wild-type
MCMV (MW97. 01 strain) or 200 pl of phosphate buff-
ered saline (PBS) as a control. EAE was induced via sub-
cutaneous administration of 200 pL of a suspension at 2
sites above the hind flanks. The suspension consisted of
300 pg of the peptide MOG,, . (Sigma Aldrich, Germany) in
100 pL of PBS emulsified with 100 puL of complete Freund's
adjuvant (Sigma Aldrich, Germany) containing 0.7 mg of
heat-inactivated Mycobacterium tuberculosis (strain H37
RA; Difco Laboratories, Detroit, MI). Each mouse was
immediately injected intraperitoneally and 48 hours later
with 300 ng of pertussis toxin (List Biological Laboratories,
Campbell, USA) in 100 pL of 0.9% NaCl. Clinical signs of
EAE were assessed daily using the following scoring system
as previously described: grade 0, no signs; grade 1, paraly-
sed tail; grade 2, ataxic; grade 2.5, one hind leg paralysed;
grade 3, both hind legs paralysed; grade 3.5, 3 legs paraly-
sed; grade 4, both hind legs completely paralysed and mild
front limb paralysis; and grade 5, moribund (13). The mice
were monitored daily and provided with administered flu-
ids and mashed chow at the base of the cage for all mice
displaying a clinical score of 3. The mice were maintained
at our animal facilities in a temperature-controlled envi-
ronment under a 12-hour light/12-hour dark cycle and
were provided with standard laboratory food and water ad
libitum. All experiments were approved by and conduct-
ed in accordance with the guidelines of the Animal Ethics
Committee of the Faculty of Medicine at the University of
Kragujevac in Serbia.

Isolation of Mononuclear Cells from the CNS

At day 15 post-EAE induction (mean clinical score of
3 for the MCMV-infected EAE-induced mice), the mice
were perfused with PBS, and the brain and the spinal cord
were carefully removed. The mononuclear cells from the
CNS were isolated as described previously (14). Briefly,
the brains and spinal cords were separately homogenised
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in RPMI 1640 (Sigma Aldrich) containing 10% FBS and 1
mg/ml collagenase type I (Sigma-Aldrich) and incubated
at 37°C for 60 min. After digestion, the tissue was passed
through a 70 mm mesh filter, pelleted, resuspended in 10
ml of 30% Percoll (Sigma-Aldrich), overlaid onto 5 ml of
70% Percoll and centrifuged at 390 g for 20 min. The my-
elin layer was removed, and the mononuclear cells, which
accumulated in the intermediate phase, were collected,
washed twice in PBS and resuspended in medium. The
total cell numbers were determined by counting using a
haemocytometer, and cell viability was assessed based on
Trypan blue exclusion.

Flow Cytometry

For cytofluorometry, fluorochrome-conjugated an-
tibodies against the following proteins were used: CD4,
CD8, CD45, CCR6, CXCR3, T-bet, RoRyt, IL-17, IFN-y,
and TNF-a (BD Biosciences). The cells were incubated in
the antibodies in PBS containing 2% FBS for 30 min at 4°C,
followed by analysis. For intracellular staining of cytok-
ines, the cells were stimulated for 4 hours in RPMI 1640
containing 10% FBS (Gibco), GolgiPlug (BD Biosciences),
10 ng/ml PMA and 500 ng/ml ionomycin. The antibodies
for the cell surface markers were added to the cells in PBS
containing 2% FBS for 30 min on ice. After washing, the
cells were resuspended in Fix/Perm buffer (eBiosciences)
for 30-45 min on ice, washed twice and incubated in the
Abs for the intracellular antigens (cytokines) in Perm buf-
fer (for 30 min on ice). For staining of transcription fac-
tors, unstimulated cells were used. The data were acquired
using a FACSCalibur (BD Biosciences) and were analysed
using FlowJo software (Tree Star).

Statistical Analysis

All statistical calculations were performed using SPSS
13. 0 for Windows software. The results were analysed us-
ing Student’s t and the Mann-Whitney U test. The data
in this study were expressed as the means+SD or the
means+SEM. Values of p<0.05 were considered to be sig-
nificant.

RESULTS

MCMYV Infection of Neonatal BALB/c Mice Facili-
tates the Development of EAE

We have previously shown that BALB/c mice,
which are resistant to EAE induction using the pep-
tide MOG,, ., (11, 12), develop EAE in the absence of ST2
signalling. Because it was shown that altering the immune
response modulates the susceptibility to EAE, we aimed to
explore the role of latent viral infection in EAE pathogen-
esis. To study the possible effect of viral infection on EAE,
we analysed the clinical characteristics of EAE in BALB/c
mice neonatally infected with MCMYV (Fig. 1). The absence
of clinical signs of EAE in these BALB/c mice was consis-
tent with the minimal total cell number isolated from the
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Figure 1. BALB/c mice subjected to neonatal MCMYV infection are
susceptible to EAE.

BALB/c mice and BALB/c mice subjected to neonatal MCMYV infection
were immunised with MOG,, . /CFA and were monitored daily for clini-
cal signs of EAE. The data presented were obtained from representative
experiment that included eight mice per group (means + SEM). At the
peak of EAE mononuclear cells from the spinal cord and the brain tissues
were isolated, and the cells were counted after exclusion of dead cells,
which were stained with Trypan blue. The total number of isolated mono-
nuclear cells is presented as the mean + SD per group, *P<0. 05; **P<0.
005. Significance was assessed using Student’s t-test.

CNS of these mice, in contrast to significant cell infiltra-
tion into the CNS of MCMV-infected BALB/c mice. The
BALB/c mice subjected to neonatal MCMYV infection but
not to MOG35-55 immunisation did not exhibit any signs
of EAE but displayed a higher cell number isolated from the
CNS than the BALB/c mice subjected to neonatal MCMV
infection without MOG,_ .. immunisation.

BALB/c Mice Subjected to Neonatal MCMV Infec-
tion and EAE Display a Similar Percentage of Infiltrat-
ing CD4+ and CD8+ Lymphocytes in the CNS

To characterise the event at the level of the target tissue,
we compared the cellular composition of the mononuclear
cells in the three groups of mice (Fig. 2). Flow cytometric
analysis revealed a significantly higher percentage of infil-
trating CD45+CD4+ and CD45+CD8+ T lymphocytes in
the CNS of MCMV-infected EAE-induced BALB/c mice
compared with untreated BALB/c mice and with BALB/c
mice subjected to neonatal CMV infection alone. Analy-
sis of the expression of Thl- and Th17-related chemokine
receptors (CXCR3 and CCR6) revealed significantly in-
creased influx of CD4+CXCR3+ and CD4+CCR6+ T lym-
phocytes in the CNS of MCM V-infected EAE-induced
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Figure 2. MCM V-infected EAE-induced mice di
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ge of CD4+ and CD8+ cells in the CNS.

Fifteen days after immunisation, mononuclear cells were isolated from the spinal cords and the brains and were used for
flow cytometric analysis of the percentages of CD45+CD4+, CD45+CD8+, CD4+CCR6+, CD4+CXCR3+, CD8+CCR6+
and CD8+CXCR3+ cells. The data presented were obtained from a representative experiment (means+SD; *P<0. 05;

**P<0. 005). Significance was assessed using Student’s t-test.

mice compared with untreated and MCMV-infected mice.
However, the influx of CD8+ T lymphocytes expressing
Thl-related chemokine receptors was significantly higher
in the MCM V-infected mice than in the MCM V-infected
EAE-induced mice, whereas the percentage of CD8+ T
cells expressing the Th17-related chemokine receptors was
significantly higher in the EAE-induced MCMV-infected
mice (Fig. 2).

EAE Mice Subjected to Neonatal MCMYV Infection
Display an Increased Percentage of Infiltrating Tc17
Cells in the CNS

Further, we assessed the effects of viral infection on the
influx of proinflammatory CD4+ and CD8+ T cells into
the nervous tissue. Therefore, we quantified the number of
Tbet- and RoRyt-expressing and IL-17-, IFN-y-, and TNF-
a-producing CD4+ T and CD8+ T cells that infiltrated
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into the CNS at the peak of the disease. Flow cytometric
analysis of the CNS mononuclear cells revealed that in-
flammatory CD4+ and CD8+ cells were nearly absent from
the CNS of the BALB/c mice. Influx of Th1 and Th17 cells
was significant only in the EAE-induced MCM V-infected
BALB/c mice. The percentage of CD4+ T cells express-
ing Th1- (IFN-y and TNF-a) and Th17-related cytokines
(IL-17) and expressing Th1- (Tbet) and Th17-related tran-
scription factors (RoRyt) was significantly higher in the
MCM V-infected EAE-induced mice compared with the
MCMV-infected and untreated mice. The influx of Tcl
cells (CD8+ cells expressing IFN-y, TNF-a and Tbet) into
the CNS was significant in the MCM V-infected mice . The
percentages of Tc1 cells were slightly lower in the MCMV-
infected EAE-induced mice than in the MCM V-infected
mice. However, the percentages of Tc17 cells (CD8+ cells
expressing RoRyt and IL-17) in the CNS were significantly
higher in the MCM V-infected EAE-induced mice than in
the MCMV-infected and untreated mice. Moreover, there
were hardly very few Tc17 cells in the CNS of the MCMV-
infected mice. Collectively, our results indicate significant
influx of CD8+IL-17+ and CD8+RoRyt+ cells into the CNS
of new-born MCMV-infected BALB/c mice after MOG
immunisation.

35-55

DISSCUSION

A very important difference between MS and EAE is
the equivalent level of CD8+ and CD4+ T cell infiltration in
MS plaques in contrast to the predominance of infiltrating
CD4+ T cells in the CNS of mice with EAE (15). Analysis
of the antigen receptor expression patterns of CD8+ T cells
in the CNS infiltrates in MS suggests the local activation of
antigen-induced immune responses (16). There is the lack
of experimental models that are suitable to study the role of
CD8+ cells in CNS autoimmunity. Recently, it was shown
that latent EBV infection exacerbates EAE signs in mice
and induces the infiltration of CD8+IFN-y+granzyme+
cells into the brain parenchyma (3). In this model of EAE,
no viral DNA was detected in the CNS (based on PCR)
during EAE, and the virus was hypothesised to indirectly
influence the autoimmune response. CMV shares homol-
ogy with EBV and induces latent infections that can sub-
sequently become reactivated, resulting in different con-
sequences.

We demonstrated that latent neonatal infection with
MCMYV alters the susceptibility of BALB/c mice to EAE,
leading to the equivalent infiltration of CD4+ and CD8+
T cells into the CNS after EAE induction, which activates
a significant Tc17-mediated immune response in the CNS
that is accompanied by typical EAE paralysis.

In our model of neonatal MCMYV infection, the mice
develop histopathological lesions that are characteristic of
meningoencephalitis. Histopathological lesions are com-
posed of infected cells associated with infiltrating mono-
and polymorpho-nuclear leukocytes or activated resident

microglia (17, 18). This cell infiltration persists in the brain
even after the termination of productive viral infection,
when the replicating virus is no longer detected in the brain
(19). The predominant immune cell population in MCM V-
infected new-born brains is CD8+ T lymphocytes, and
these cells persist in the CNS after the resolution of acute
infection (20). Viral DNA persists in the mononuclear cells
outside the CNS.

However, the MCMV-infected EAE-induced mice
displayed significantly higher cell infiltration in the CNS
than age-matched mice subjected to neonatal MCMYV in-
fection alone. EAE induction in the MCM V-infected mice
was followed by the significant influx of CD4+ T cells
and, importantly, CD8+ T cells. We detected the influx of
CD4+ T cells expressing CXCR3, the chemokine receptor
for CXCL10, and CD4+ T cells expressing CCR6, a recep-
tor that is known to play a key role in the initial develop-
ment of autoimmune infiltration into the CNS (21, 22). On
the other hand, EAE induction in mice subjected to latent
MCMYV infection increased the influx of CD8+CCR6+
T cells and decreased the influx CD8+CXCR3+ T cells
compared with MCMYV infection alone. MCMYV infection
is known to attract CD8+CXCR3+ cells, and it appears
that the newly developing autoimmune process attracts
a different population of CD8+ cells (23). This result in-
dicates that latent MCMYV infection of BALB/c mice in
the periphery affects the immune response to the myelin
antigen, driving the immune cells towards an inflamma-
tory phenotype that facilitates the entry of these cells into
the CNS and the induction of autoimmune processes. Re-
cently, it was reported that MCMYV infection of murine
fibroblasts altered the expression of 10748 genes (24).
Among the most strongly induced genes were those cor-
responding to Interferon-f, the transcription factor T-
bet, and the chemokine CXCL10. The expression levels
of all proteins examined correlated with their transcript
levels. The role of the chemokine CXCL10 and the tran-
scription factor Tbet, which are markers of Thl cells, in
EAE pathogenesis is well known (25, 26, 27). Immune
challenge (immunisation with MOG,__,) is assumed to
reactivate MCMV infection, leading to the expression of
genes whose products affect the polarisation of the adap-
tive immune response.

We also found that the CNS infiltrates of mice subject-
ed to latent MCMYV infection followed by EAE induction
contained a significantly higher percentage of Th1, Th17,
and Tcl7 cells compared with mice subjected to MCMV
infection alone. No increase was detected in the percent-
age of CD8+ cells expressing Tbet and the Thl-related
cytokines TNF-a and IFN-y in the CNS with autoim-
mune process developed after viral infection compared
with mice with new-born MCMYV infection. Autoim-
mune neuroinflammation clearly developed after previ-
ous MCMYV infection altered the dominant population
of CD8+ cells in the CNS. Tcl17 cells (IL-17- and RoRyt-
expressing CD8+ cells) are required for Th17 accumula-
tion and for the development of EAE (28). Patients with
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Figure 3. Influx of Tc17 cells following the induction of infl ion in MCM V-infected mice.

Fifteen days after immunisation, mononuclear cells were isolated from the spinal cords and the brains and were used for
flow cytometric analysis of the percentages of CD4+Tbet+, CD4+CDRoRyt+ , CD4+TNF-a+, CD4+IFN-y+, CD4+IL-
17+, CD8+Tbet+, CD8+CDRoRyt+, CD8+ TNF-a+, CD8+IFN-y+, and CD8+IL-17+ cells. The data presented were from
a representative experiment (means+SD; *P<0. 05; **P<0. 005). Significance was assessed using Student’s t-test.
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early-stage MS harbour a greater number of Tc17 cells in
the cerebrospinal fluid than in the peripheral blood. Tc17
cells contribute to the initiation of CNS autoimmunity by
supporting Th17 cell pathogenicity. Our results indicate
that latent MCMYV infection contributes to the expansion
of this subpopulation of CD8+ cells, which is known to
play a role in autoimmune neuroinflammation, and the
influx of these cells into the CNS.

CONCLUSION

Our findings suggest that latent CMV infection af-
fects EAE development and, possibly, MS pathogenesis,
likely via its influence on the initial development of in-
flammatory lymphocytes that display encephalitogenic
potential. Furthermore, this model of EAE may be useful
for the examination of the role of CD8+ T cells in CNS
autoimmunity.
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Aleksandar Arsenijevic', Jelena Milovanovic', Bojana Stojanovic', Marija Milovanovic', Eric M. Gershwin®,
Patrick Leung?, Nebojsa Arsenijevic', Miodrag L. Lukic'
!Center for Molecular Medicine and Stem Cell Research, Faculty of Medical Sciences, University of Kragujevac, Serbia
2 Division of Rheumatology, Allergy and Clinical Immunology, University of California, Davis, CA, USA

PRIMARNA BILIJARNA CIROZA INDUKOVANA KSENOBIOTIKOM:
EKSPERIMENTALNI MODEL

Received / Primljen: 15.06.2014.
ABSTRACT

Primary biliary cirrhosis (PBC) is an autoimmune dis-
ease of the liver that is, characterised by destruction of the
intrahepatic bile ducts and the presence of antimitochondri-
al antibodies (AMAs). Several murine models of PBC, with
similar serological, biochemical, and histological features
to human PBC, have been developed in recent years. These
animal models enable investigators to study the etiology and
pathophysiologic mechanism of PBC. Immune response in
PBC is directed towards E2 components of the 2-oxo-acid
dehydrogenase family of enzymes, which is in located in
mitochondria and is an immunodominant epitope (a lipoy-
lated peptide sequence shared by enzymes). Immunisation of
mice with 2-octynoic acid coupled to bovine serum albumin
(2-OA-BSA) (which is an antigen that is structurally related
to the E2 subunit of the pyruvate dehydrogenase complex
[PDC-E2]) produces histologic features similar to those
found in human PBC. This model of xenobiotic induced PBC
is suitable for studying the early events in PBC pathogenesis
and for developing new therapeutics in PBC.

Key words: PBC, xenobiotic, 20A-BSA, C57BL/6 mice
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SAZETAK

Primarna bilijarna ciroza (PBC) je autoimunska bolest
Jjetre koju karakterise destrukcija intrahepaticnih Zucnih
kanaliéa i prisistvo antimitohondrijalnih antitela (AMAs).
Poslednjih godina je razvijeno nekoliko misjih modela PBC
koji imaju slicne seroloske, biohemijske i histoloske karakteri-
stike kao i humana PBC. Ovi animalni modeli su omogucili
ispitivanje etiologije i mehanizama ukljucenih u patogenezu
PBC. U PBC imunski odgovor je usmeren na E2 komponentu
2-okso-kiseline dehidrogenaza familije enzima koji su loci-
rani u mitohondrijama, a imunodominantni epitop je pep-
tidna sekvenca sa lipidima koja je zajednicka za ove enzi-
me. Imunizacija miseva 2-oktinoicnom kisleinom vezanom
za govedi serumski albumin (2-OA-BSA), antigenom koji je
strukturno slican E2 subjedinici kompleksa piruvat dehidro-
genaze (PDC-E2), omoguéava razvoj histoloskih promena
koje karakterisu PBC kod ljudi. Ovaj model PBC indukovan
ksenobiotikom je pogodan za ispitivanje pocetnih dogadaja
u patogenezi PBC i za razvoj novih lekova za PBC.

Kljucne reci: PBC, ksenobiotik, 20A-BSA, C57BL/6 misevi

INTRODUCTION

Primary biliary cirrhosis (PBC) is a liver-specific auto-
immune disease (1). PBC has a long latency period, which
is followed by the development of common symptoms:
fatigue, pruritus hyperpigmentation, and (in the terminal
stages) bleeding varices, and ascites (2). PBC is character-
ised by a multilineage humoral and cellular adaptive re-
sponse against biliary epithelial cells (BECs) and destruc-
tion of small bile ducts by mechanisms that include innate
immune responses (3; 4). Bile duct destruction leads to
cholestasis, fibrosis, and ultimately liver cirrhosis (4). The
typical characteristic of the disease is the presence of an-
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timitochondrial autoantibodies (AMA), which are present
in high amounts. The autoantigens to which the immune
responese is directed in PBC has been identified as the
E2 subunits of the 2-oxo-acid dehydrogenase complexes
(20ADC-E2), including the E2 subunits of the pyruvate
dehydrogenase complex (PDC-E2), branched chain 2-oxo
acid dehydrogenase complex (BCOADC-E2), and 2-oxo-
glutarate dehydrogenase complex (OGDC-E2) (5). The
immunodominant autoantigen within this group is PDC-
E2 (6; 7). A multi-faceted immune response to the immu-
nodominant mitochondrial autoantigen PDC-E2 in PBC
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suggests that a loss of tolerance to PDC-E2 is the initiating
event in the development of PBC; there is no significant
evidence of epitope spreading, which is present in other
autoimmune diseases (8).

ETIOPATHOGENESIS OF PBC

The etiology of PBC, including the loss of tolerance, is
still unknown. However, as in all autoimmune diseases, it is
likely that genetic susceptibility and environmental factors
play a role in the pathogenesis (9). Environmental factors,
including xenobiotics or microorganisms, modify the au-
toantigen and facilitate the breakdown of tolerance (10).

Molecular mimicry: Cross-reactivity between sera
of PBC patients and E. coli has been shown, but stronger
reactivity (1,000-fold stronger than with E. coli) has been
demonstrated with the xenobiotic-metabolising gram-
negative bacterium Novosphingobium aromaticivorans (a
bacterium present in human fecal specimens) (11). N. aro-
maticivorans contains two proteins highly homologous to
the immunodominant epitope of PDC-E2 and serum au-
toantibodies. Importantly, mice infected with N. aromati-
civorans deveope PBC-like liver lesions (12).

Xenobiotics: Because the liver plays a key role in the
metabolism of toxins, the hepatocytes and BECs are con-
tinuously exposed to chemical by-products. Associations
between PBC and the frequent use of nail polish support
a xenobiotic pathogenesis hypothesis. 2-Octynoic acid is
a food additive and xenobiotic that is present in cosmetic
products, such as nail polish. The in vitro and in vivo data
strongly support a potential role of 2-octynoic acid in PBC.
Reactivity of 2-octynoic acid with AMAs and lipoic acid has
been shown (13). Congenic nonobese diabetic NOD.1101
(NOD.B6 1dd10 Idd18r2) C57BL/6 mice, immunised with
2-octynoic acid conjugated with bovine serum albumin, de-
velop histological features of autoimmune cholangitis (por-
tal infiltrates enriched in CD8+ cells and liver granulomas);
these mice demonstrated high titers of AMAs (14-17). This
model provides convincing evidence that xenobiotics are
causally related to the development of PBC.

Biliary epithelial cells

The most intriguing aspect of the pathogenesis of PBC
remains the specific immune response directed at the
small intrahepatic bile ducts, as all nucleated cells have
mitochondria with 2-oxo-acid dehydrogenase complexes.
These small biliary ducts are lined with biliary epithelial
cells, BECs (i.e., cholangiocytes) and are destroyed by the
immune response, mediated by specific CD4+ and CD8+
T cells (18; 19). This selective destruction indicates there
are unique immunopathological characteristics of BECs. It
is known that BECs are not passive bystanders in primary
biliary cirrhosis; these cells can increase the expression of
adhesion molecules and production of TNF-«, IFN-y, and
IL-1 upon stimulation with proinflammatory cytokines
(20). Through the variable expression of adhesion mole-
cules and proinflamamtory cytokines, BECs can modulate

the degree and localizisation of the inflammatory process.
Additionally, BECs have properties of antigen presenting
cells by expressing HLA class II and costimulatory mol-
ecules CD80 and CD86. Based on these characteristics of
BECs, it can be hypothesizised that their interactions with
T cells may be responsible for bile duct damage.

BECs of small bile ducts are very susceptible to apopto-
sis, more than epithelial cells of larger ducts (due to a lack
of production of specific protease-resistant peptides, tre-
foils) (21). Moreover, unique characteristics of apoptosis
in BECs indicate that this process most likely plays a part
in the immunopathogenesis of PBC. Autoreactive lym-
phocytes may be activated with neo-antigens arise from
apoptotic BECs (22). When BECs undergo apoptosis, the
major mitochondrial autoantigen, PDC-E2, remains im-
munologically intact, whereas other cells following apop-
tosis present a form of PDC-E2 that cannot be detected by
AMAs (23; 24). Persistent exposure to PDC-E2, as derived
from BECs, is caused by a failure to covalently link PDC-
E2 to glutathione during the course of apoptosis in these
cells. Another important observation regarding the role
of apoptotic BECs in the pathogenesis of PBC is the high
degree of proinflammatory cytokine production in mono-
cyte-derived macrophages that was found in PBC patients
who were incubated with apoptotic bodies from BECs (in
the presence of AMAs) (25). It is important to note that
the BECs used in these experiments were derived from two
normal donors, which implies that there is no phenotype
of biliary epithelial cells specific for PBC; this could explain
the recurrence of PBC following transplantation (26).

Immunostaining of PBC biliary tract with monoclonal an-
tibodies against mitochondrial autoantigens demonstrated a
high degree of expression of PDC-E2 at the apical surface of
the small bile duct cells lining the bile duct lumen (27; 28).
Cholangiocytes play a role in the transport of IgA antibodies
in bile duct lumen. PDC-E2-specific IgA enters the BECs via
a polyimmunoglobulin receptor and forms a complex with
PDC-E2; it may thereby contribute to the exposure of PDC-
E2 at the apical surface of BECs. Additionally, during transcy-
tosis through cells expressing polyimmunoglobulin receptors,
dimeric IgA can initiate the activation of caspases (29). The
levels of anti-PDC-E2 IgA antibodies in PBC sera directly cor-
relate with the level of caspase activation.

IMMUNE RESPONSE
IN PRIMARY BILIARY CIRRHOSIS

The mechanism of biliary destruction has not been
completely determined, but the specificity of pathologi-
cal changes in the bile ducts, the presence of lymphoid
infiltration in the portal tracts, and the presence of major-
histocompatibility-complex class I antigens on the biliary
epithelium indicate that an intense immune response is
directed against the biliary epithelial cells. There are data
suggesting that the destruction of biliary cells is mediated
by liver-infiltrating autoreactive T cells (19; 30). CD4+ and
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CD8+ T cells can be detected in the portal tracts of PBC
patients (19; 31-33). An increased serum level of autoanti-
bodies specific for PDC-E2 is accompanied by a 100 times
higher frequency of antigen-specific CD4+ T cellsand a 10
times higher frequency of antigen-specific CD8+ T cells in
liver as compared towith draining lymph nodes. Two im-
portant T helper cell subpopulations shown to have a role
in the pathogenesis of PBC are Th17 and Treg cells (34).
Significantly lower levels of CD4+ CD25high are detected
in the peripheral blood of PBC patients and their family
members. In addition, FoxP3+ Treg cells can be detected
in the lymphoid infiltrates found in the portal tracts (35).
Th17 cells have a pathogenic role in PBC: an increased fre-
quency of IL-17-positive lymphocytes was found in liver
tissues from patients with PBC, and in the IL-2Ra KO
mouse model of autoimmune biliary disease (36).

There is granulomatous inflammation in the liver of PBC
patients that is accompanied by an increased production of
polyclonal IgM antibodies. Cultured human BECs express toll
like receptors (TLRs), lipopolysaccharide, and lipoteichoic
acids, which are present in bile. The eExpression of TLRs in
BECs is mediated through biliary injury via the NF-xB path-
way (37). In response to TLR stimulation, BECs may produce
proinflammatory cytokines IL-6 and TNF-a and chemokines
IL-8 and CX3CL1. CX3CLL1 is a chemoattractant for cells
expressing its receptor, CX3CR1. In PBC patients, CX3CR1
expressing CD8+ and CD4+ T cells can be found in the por-
tal tracts and within the biliary epithelial layer of injured bile
ducts (38). Another cell type known to be involved in PBC
pathogenesis are NKT cells. There is a higher frequency of
CD1d-restricted NKTs in PBC patients. These cells are more
frequently found in the liver than in the peripheral blood. An
increased number of CD1d-restricted NKT cells was found in
the liver of the dnTGF-BRII mouse model (39). These CD1d-
restricted NKT cells in the liver had increased IFN-y produc-
tion following exposure to a-galactosylceramide; this was ac-
companied by a decrease in hepatic lymphoid cell infiltration
and less cholangitis when compared towith the controls.

ANIMAL MODELS OF PBC

Over the past several years, several animal models for
PBC have been developed. Severe combined immunodefi-
cient (SCID) mice develop lymphocytic infiltration around
small bile ducts and present with the anti-PDC-E2 antibod-
ies following the transfer of lymphocytes from peripheral
blood of PBC patients (40). Congenic NOD.c3c4 mice are
obtained by replacing the diabetes-susceptibility genes on
chromosomes 3 and 4 with the diabetes-resistance genes of
B6 and B10 mice (41). Overall, 50% to 60% of these mice de-
velop autoimmune cholangitis and demonstrate AMA anti-
bodies in their serum. Histologically, however, the cyst-like
dilatation of the affected bile duct, which is characteristic of
these mice, is not observed in PBC patients; when the dila-
tation becomes severe, the biliary epithelium of NOD.c3c4
mice frequently exfoliates, which can trigger neutrophil in-

filtration that is not characteristic of human disease. Anoth-
er mouse model for PBC is the dnTGF-BRII mouse. These
mice over express the dominant-negative form of TGF-f re-
ceptor Il under the control of the CD4 promoter. A deficien-
cy of TGF-p signalling causes various immunological abnor-
malities, including colitis. dnTGF-BRII mice exhibit major
serological and histological characteristics of human PBC
(42), indicating an important role of the TGF-f signalling
pathway in the pathogenesis of PBC. Serologically, specific
AMA production occurs in all mice, and histologic hepatic
lesions typical of PBC (lymphocytic infiltration, interlobular
bile duct destruction, and granuloma formation in the portal
tract) appear at an increased frequency. Immune infiltrating
cells (including B cells, plasmacytoid dendritic cells, natural
killer (NK) cells, and macrophages), CD4+ cells, and CD8+
T cells are found in the portal tracts. In IL-2Ra—/- mice
(43), the IL-2 signal, which is important for controlling the
fate of mature T cells, is functionally blocked. These mice
develop an inflammatory bowel disease and an autoimmune
lymphoproliferative disease. Anti-PDC-E2 antibodies are
present in the sera of all IL-2Ra-/- mice. There is increased
lymphocytic infiltration in the portal tract and damage of
the interlobular bile duct. CD8+ T cells are predominant
among the infiltrating lymphocytes, and there is an increase
in the number of CD4+ T and B cells. In addition, a small
number of granulomas is formed. Increased levels of inflam-
matory cytokines, including TNF-a, IFN-y, IL-12p40, and
IL-6, are also observed. Using a model produced by crossing
[L-2Ra~-/- mice with CD4 KO and CD8 KO mice, Hsu et al.
(44) showed that CD8+ T cells participate in the pathogen-
esis of PBC.

XENOBIOTIC INDUCED PBC

The autoantigens of the E2 enzymes have a common
structure consisting of a single N-terminal catalytic do-
main, containing two binding sites for the covalently at-
tached lipoic acid cofactor. These lipoyl binding domains
are the epitopes that are recognizised most often by AMAs
(8), suggesting an essential role of the lipoic acid domain
in the etiology of PBC. The immune reactivity of AMAs
are directed against a conformational epitope that is sus-
ceptible to chemical modification. This finding indicates
that self-tolerance may be interrupted by chemical modi-
fication of the lipoyl domain of PDC-E2 by xenobiotics. It
has been demonstrated that the modified lipoyl domain
of PDC-E2 specifically binds antibodies in PBC sera, of-
ten at levels higher than the native PDC-E2 molecule (45-
47). These mimicking effects are found in compounds that
are widely used in the environment (including perfumes,
lipstick, and many common food flavorings) (45). Studies
have shown that animals immunised with selected AMA-
positive xenobiotics resulted in AMAs; these animals de-
veloped liver pathology similar to PBC (48; 49).

It has been reported that B6 and NOD.1101 (NOD.
B6 1dd10 Idd18r2) mice immunised with 2-octynoic acid
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Figure 1. Histological features of the C57BL/6 mice 8 weeks after immunization with 20A-BSA and control mice.
Different degrees of lymphocytic infiltration: 1) untreated mice; 2) portal infiltration with granuloma formation; 3) parenchymal infiltration;
4) parenchymal granuloma; 5) moderate portal infiltration; 6) subcapsular abscess (H&E staining).

(2-OA), coupled to BSA, had high AMA titers, portal in-
flammation, and cholangitis similar to human PBC (14).

We used this xenobiotic induced PBC model to explore,
in detail, the histological characteristics of the liver.

EXPERIMENTAL PROTOCOL

Female C57BL/6 mice were maintained at the animal facili-
ties of the Faculty of Medical Sciences University of Kragujevac.
All animal procedures were approved by the ethical committee
of the Faculty of Medical Sciences, University of Kragujevac.

Primary biliary cirrhosis was induced as previusly de-
scribed (14). Briefly, a mixture of BSA conjugated 2-oc-
tynoic acid (20A-BSA; 100 pg/100 pL in PBS) was injected

intraperitoneally with Complete Freund’s Adjuvant (CFA;
Sigma-Aldrich, St. Louis, MO), containing 1 mg/mL of My-
cobacterium tuberculosis (strain H37 RA; Difco Laborato-
ries, Detroit, MI). This was subsequently boosted every two
weeks with 20A-BSA in Incomplete Freund’s Adjuvant (IFA;
Sigma-Aldrich, St. Louis, MO). Additionally, mice intraperi-
toneally received 100 ng of pertussis toxin (List Biological
Laboratories, Campbell, CA) at the time of initial immuni-
sation with 20A-BSA in Complete Freund’s Adjuvant.
Immediately following sacrifice, liver tissue was har-
vested, fixed in 10% buffered formalin, embedded in par-
affin, and cut into 4-pm sections for routine hematoxylin
and eosin (H&E) staining. Evaluation under light micros-
copy and scoring of liver inflammation and bile duct dam-
age was performed on coded H&E-stained sections in a
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Figure 2. C57BL/6 mice immunized with 20A-BSA develop significant infiltrates in the liver. Mean values + SD for histopathological scores
Land II per group (20A-BSA immunised and control) are presented. 0 = no significant change, 1 = minimal, 2 = mild, 3 = moderate,
and 4 = severe pathology * p<0.05.
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blinded fashion. The images were captured with a light mi-
croscope (Olympus) equipped with a digital camera.

Sections were evaluated for periportal inflammation, infil-
tration of bile ducts without damage, infiltration and damage
of bile ducts, and subcapsular infiltrates. Based on the level of
pathology, the indices were scored as 0, no; 1, mild; 2, moder-
ate; 3, severe; or 4, very severe pathology. Score I was calculat-
ed as the mean value of each scored index. Granulomas, and
fibrosis were scored as 0, no; 1, mild; 2, moderate; or 3, severe
pathology; ,based on these values, score Il was calculated.

All mice immunised with 20A-BSA (9/9) developed
histological findings typical of PBC (Figure 1). Our his-
tological scoring clearly demonstrates the disease in the
group of 20A-BSA immunised mice (Figure 2).

The autoimmune cholangitis induced by 20A-BSA im-
munisation recapitulates the histological features of hu-
man PBC: portal-tract inflammation with destruction bile
ducts, focal-duct obliteration with granuloma formation,
periportal extension of inflammation, and fibrosis. Impor-
tantly this model of autoimmune cholangitis gives us the
opportunity to study the early events of PBC pathogenesis
and to explore the possibility of new PBC therapeutics.
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ABSTRACT

B cells play a dual role in the pathogenesis of autoim-
mune diseases. In experimental autoimmune encephalomy-
elitis (EAE), an experimental model for multiple sclerosis, B
cells contribute to disease progression, while their regulatory
role predominates in the initial phases of disease develop-
ment. Several studies have identified different subsets of reg-
ulatory B cells, mostly in the spleen, which are all sources of
IL-10. However, peritoneal regulatory B cells are also impor-
tant producers of IL-10, can migrate towards inflammatory
stimuli, and could have an immunoregulatory function. As
we have observed expansion of regulatory B cells in the peri-
toneum of resistant mice after EAE induction, herein we dis-
cuss the regulatory roles of B cells in EAE pathogenesis and
the possible role of peritoneal regulatory B cells in resistance
to EAE induction.

Keywords: multiple sclerosis, EAE, B cells, peritoneal
regulatory B cells
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SAZETAK

B limfociti imaju dvojnu ulogu u patogenezi autoimun-
skih bolesti. B limfociti doprinose progresiji eksperimental-
nog autoimunskog encefalomijelitisa(EAE), eksperimental-
nog modela za multiplu sklerozu, a u inicijalnim fazama
razvoja bolesti dominira njihova regulatrona uloga. U ne-
koliko studija je identifikovano nekoliko subpopulacija re-
gulatornih B limfocita, uglavnom u slezini, a sve produkuju
IL-10. Medutim i peritonealni B limfociti produkuju IL-10,
migriraju ka inflamatornim stimulusima i mogu da imaju
imunoregulatornu funkeiju. Posto smo uocili ekspanziju re-
gulatornih B limfocita u peritoneumu miseva rezistentnih
na indukciju EAE, ovde razmatramo regulatorne uloge B
limfocita u patogenezi EAE i moguéu ulogu peritonealnih
regulatornih B limfocita u rezistenciji na indukciju EAE.

Kljuéne reci: multipla skleroza, EAE, B limfociti, perito-
nealni regulatorni B limfociti

*

B cells are effector cells of the adaptive humoral immune
system that act by producing specific antibodies. However,
B cells express numerous innate immune receptors, includ-
ing Toll-like receptor (TLR)-3, TLR4, TLR7, TLR8 and
TLR9 (1,2); stimulation of these receptors also induces anti-
body production. It is well established that two populations
of B cells exist—B1 and B2 cells—that can be distinguished
according to their phenotype, ontogeny, anatomical loca-
tion and function (3-5). B2 cells, which include follicular
and marginal zone B cells, originate from bone marrow pre-
cursors and circulate throughout the blood and secondary
lymphoid tissues. These cells respond to a broad range of
T-dependent and T-independent antigens. In contrast to B2
cells, B cells develop during foetal and neonatal develop-
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ment, have the capacity to self-renew, and predominantly
localize to peritoneal and pleural cavities (3-5). Bl cells are
innate immune cells that produce the majority of “natural”
immunoglobulins, which are encoded by germline immu-
noglobulin genes. These natural immunoglobulins act as a
first line of defence against pathogens, such as encapsulated
polysaccharide-expressing bacteria (4, 5). There are two
functionally distinct subsets of B1 cells that can be delin-
eated by differential expression of CD5 (4). B1 cells that ex-
press CD5 are known as Bla cells, and those that lack CD5
expression, but have other hallmarks of B1 cells, are known
as Blb cells. CD5* peritoneal Bla cells produce an abun-
dance of interleukin-10 (IL-10) following stimulation with
TLR agonists, such as lipopolysaccharide (LPS) (6).
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B cells in multiple sclerosis

Multiple sclerosis (MS) is classically viewed as a
predominantly T cell-mediated autoimmune disease,
based on the finding that the disease can be induced in
healthy experimental animals by the adoptive transfer
of T cells from diseased animals (7,8). T cells can also
have a protective role in MS. A specialized population
of T cells, CD4" regulatory T cells, are critically impor-
tant for disease attenuation by limiting the activation
of T cells during MS and other autoimmune diseases
(9,10), in part through the production of IL-10 (11).
However, B cells also regulate immune responses and
can contribute to MS pathogenesis (12,13) by function-
ing as antigen-presenting cells for CD4* T cell activa-
tion (14) and by producing pro-inflammatory cyto-
kines that affect T cell function (15). Recent clinical
trials in MS patients that used depleting CD20 mono-
clonal antibody (Rituximab) suggest that pan-mature
B cell depletion has clinical efficacy for the treatment
of MS (16,17) in addition to demonstrated efficacy
for other autoimmune disorders (13). Additionally, B
cells, as with T cells, can have a regulatory role in au-
toimmune diseases. B cells from patients with multiple
sclerosis produce decreased amounts of IL-10 (18). MS
patients have significantly higher frequency of CD20*
B cells, but among B cell subsets they have a reduced
frequency of B1 cells, which are known to have a regu-
latory role in immune responses (19).

Opposite roles of B cells have also been identified
during the initiation and progression of an experimental
model for MS, experimental autoimmune encephalomy-
elitis (20). Depletion of mature B cell in mice before EAE
induction significantly exacerbates disease symptoms,
whereas B cell depletion during EAE progression dra-
matically inhibits these symptoms. Thereby, the balance
between opposing positive and negative regulatory B
cell functions shape the normal course of EAE immuno-
pathogenesis. Mice lacking B cells develop an extremely
severe and chronic form of EAE, which confirms the
regulatory role of B cells in autoimmune diseases (21).
The regulatory role of B cells in EAE results from the
production of IL-10 (22). A suppressive function for IL-
10 produced by B cells has also been demonstrated in
a models of inflammatory bowel disease and collagen-
induced arthritis (23,24), suggesting a general role for
IL-10-producing B cells in immune homeostasis.

Regulatory B cells

B cell subsets that can down-regulate immune re-
sponses by secreting interleukin IL-10 are known as
regulatory B cells. These regulatory B cells, which are
functionally defined by their immune-suppressive ac-
tion either in vitro or in vivo (25), include splenic CD-
21MCD23%CD1d" transitional 2 marginal zone precur-

sor B cells described by the group of Mauri (26,27) and
IL-10-producing B cells, termed B10 cells, character-
ized by the group of Tedder. The latter are mainly found
within the CD1d"CD5" splenic B cell subset (28,29).
Regulatory B cells must be activated to exert suppressive
functions, and the activation of regulatory B cells pre-
sumably occurs in vivo in the context of inflammation.
Activated regulatory B cells are more potent suppres-
sors of autoimmunity than their non-activated counter-
parts (27,30). CD1d"#*CD5* B cells can be induced to
express cytoplasmic IL-10 following 5 hours of in vitro
stimulation with LPS, phorbol 12-myristate 13-acetate,
and ionomycin, in the presence of monensin to block
IL-10 secretion. Splenic B10 pro-B cells have also been
functionally identified in mice and are found within the
CD1d"#CD5* B cell subpopulation (31). These B10 pro-
B cells require 48 hours of in vitro stimulation with LPS
or via CD40 before they acquire the ability to express
cytoplasmic IL-10 (31). Although B10 cells normally
represent only 1-2% of splenic B cells, they significantly
inhibit the induction of Ag-specific inflammatory reac-
tions and autoimmunity (20,29). Depletion of B10 cells
in mice before disease initiation accounts for exacer-
bated disease, which can be ameliorated by the adop-
tive transfer of splenic CD1d"¢*"CD5" B cells (32). There
is evidence that B regulatory cell-mediated protection
in chronic inflammatory diseases is antigen-specific, as
B regulatory cells that are in vivo activated by one an-
tigen do not protect in inflammatory models induced
by a second antigen (27,29). In vitro, B regulatory cells
can be activated in an antigen-nonspecific manner to
secrete IL-10 and suppress immune activation triggered
by stimuli, including activation by TLR ligands (31,33-
35), CD40 ligation (36,37), a combination of these two
pathways (38), or the cytokine IL-21 (39).

Regulatory B cells in MS

B regulatory cell-mediated amelioration in EAE is
dependent upon IL-10. Many reports indicate that B
regulatory cells can influence T cell activation. B cell-
deficient mice (40) and mice with IL-10-deficient B cells
(22) exhibit heightened lymph node T helper 1 (Thl)-
cell responses to immunization. B-cell-mediated regu-
lation of EAE is also associated with the suppression of
Th17 cells, suggesting that IL-10 from B cells influences
disease progression by instructing T cell differentiation
(33). The adoptive transfer of B regulatory cells often
correlates with a reduction in the frequency of inter-
feron (IFN)-y, IL-17 and/or tumour necrosis factor-a
positive T cells (27,39,41,42), and sometimes increased
amounts of Foxp3*regulatory T cells (43) or IL-10-pro-
ducing T cells (44). IL-10-producing B cells may con-
tribute to modulation of T-cell responses also indirectly
by limiting dendritic cells function and by inhibition of
the innate immune responses (45,46). IL-10 produced
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by B cells can repress IL-6 and IL-12 production by
DCs, thereby inhibiting the differentiation of Th17 and
Th1 cells, respectively (33). Additionally, after immuni-
zation, DCs from B cell-deficient mice produce higher
amounts of IL-12 compared with DCs from wild-type
mice (40). Changes in the balance of IL-10 and IL-12
levels have important effects on the pathogenesis of
EAE (47). Accordingly, B cell-mediated regulation of
EAE begins in the draining lymph nodes within days of
immunization. B cells can therefore orchestrate the reg-
ulation of autoimmune diseases from within secondary
lymphoid organs both directly by inhibiting pathogenic
cells (autoreactive T cells and innate immune cells) and
indirectly by inducing regulatory activity in different T
cell populations.

B1 cellsin EAE

Although splenic regulatory B cells share some func-
tional and phenotypical characteristics with Bla cells, as
both cell populations produce IL-10 and express CD5,
limited data are available about the regulatory role of
Bl cells in EAE. One study showed a reduced sever-
ity of demyelination and overall pathology in the brain
after the depletion of peritoneal Bl cells during the ef-
fector phase of EAE (48). Depletion during the induc-
tion phase of disease resulted in an increased incidence
of progressive EAE. The experiments in this study were
carried out with A.SW mice, which produce anti-MOG
antibodies that contribute to EAE pathogenesis, rather
than the C57BL/6 mice that are typically used. Attenu-
ation of EAE induced by the depletion of B1 cells could
be accounted for by changes in the production of natu-
ral antibodies. However, no data are yet available about
the IL-10-mediated regulatory role of B1 cells in MS or
EAE. It is known that components from Mycobacterium
tuberculosis that are present in complete Freund’s adju-
vant, which is used to induce EAE, provide TLR agonists
that can stimulate TLRs (22). Furthermore, the in vitro
stimulation of B cells with TLR agonists produces a cy-
tokine milieu that can inhibit T cell activation in an IL-
10-dependent manner, whereas activation of DCs in the
same manner induces very low amounts of IL-10 pro-
duction that is not sufficient to inhibit T cell prolifera-
tion (33). Thus, stimulation with TLR agonists that are
present in the adjuvants that are used for EAE induc-
tion can also trigger regulatory function in B1 cells. Our
preliminary findings revealed a significantly higher per-
centage of CD5* Bla lymphocytes in the peritoneum of
BALB/c mice, which are resistant to EAE induction with
MOG,, . peptide (49), compared to susceptible C57BL/6
mice. By contrast, there was no significant difference in
the frequencies of Bla or B1b cells in the peritoneum of
healthy C57BL/6 versus BALB/c mice (Fig. 1). This find-
ing is in accord with previous findings that in vivo stim-
ulation with different microbes (TLR agonists) could
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Figure 1. Immunization with MOG,, .. induces a significant increase
in peritoneal regulatory Bla cells. BALB/c and C57BL/6 mice were im-
munized with MOG,, _./CFA. Then, 7 days later, mononuclear cells from
the peritoneum were isolated and analysed for the cell surface expression
of CD19, CD5, and CD11b by flow cytometry. The frequencies of Bla
cells (CD19'CD11b"CD5" cells) are presented as the means from three
independent experiments; 15 mice per group = SEM; *P<0.05; ** P<0.005.
Statistical significance was assessed using Student’s ¢-test.

induce the expansion of peritoneal B1 cells. It has been
shown that among peritoneal cells, Bla cells are the main
source of IL-10 after stimulation with TLR agonists (50).
Immunization of susceptible strains, such as C57BL/6,
with myelin antigens in adjuvants induces the expansion
of inflammatory CD4* T cells that gain the capacity to
induce inflammation in the CNS. Modulation of immune
responses has been suggested to exacerbate or attenu-
ate EAE in susceptible strains of mice (51). Alternatively,
our previous study recently showed that alteration of an
immunoregulatory pathway by deleting components of
the IL-33/ST2 axis may enhance susceptibility to EAE in
the resistant BALB/c strain by inducing an inflammatory
phenotype in antigen presenting cells (52, 53). In accord
with the significantly increased expansion of IL-10-pro-
ducing peritoneal Bla cells in BALB/c mice compared
with susceptible C57BL/6 mice and the fact that perito-
neal B cells migrate to lymph nodes (54), it could be as-
sumed that the increased number of peritoneal B1 cells
could contribute to the regulatory phenotype of den-
dritic cells in draining lymph nodes and the resistance of
BALB/c mice to the development of EAE.

Further studies will be needed to explore in more detail
the regulatory role of Bla cells in EAE and to assess the
relative contribution of splenic B regulatory cells and peri-
toneal regulatory B cells in the pathogenesis of EAE.
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ABSTRACT

Since the discovery of the antitumor activity of cisplatin
by Rosenberg and co-workers, the use of metal complexes in
cancer treatment has caused a huge interest. Today, plati-
num-based drugs are part of standard chemotherapy in the
management of a variety of cancers, germ cell tumours, sar-
comas, and lymphomas. Unfortunately, toxicity and drug
resistance are major obstacles to wider clinical application
of these drugs. Their use is greatly limited by severe side ef-
fects such as nephrotoxicity, ototoxicity, and neurotoxicity.
Although cisplatin is one of the most successful anticancer
drugs to date, its biochemical mechanism of action is still
unclear. Cisplatin is generally accepted as having the ability
to interact with the purine bases on the DNA, causing DNA
damage, interfering with DNA repair mechanisms, and sub-
sequently inducing apoptosis in cancer cells.

Chronic lymphocytic leukaemia is a neoplastic B cell lym-
phoproliferative disease characterized by a highly variable
clinical course. Clinical stage at the diagnosis and biological
prognostic factors are the important predictors for survival.
The Rai and Binet staging systems describe three major prog-
nostic subgroups. Commonly used prognostic biomarkers in
chronic lymphocytic leukaemia can be divided into genotypic,
DNA-level changes and phenotypic, expression-level changes.
For chronic lymphocytic leukaemia, substantial progress in
therapy has not been made over the past 40 years. The main
goal of future scientific research is to find new platinum com-
plexes that have better efficacy in cancer treatment, the ability
to be administered orally, without developing a cancer-drug
resistance, and reduced toxic side effects.

Keywords: Platinum-based anticancer drugs, Chronic
lymphocytic leukaemia, Cisplatin mechanisms of action,
Cancer treatment
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SAZETAK

Otkad su Rosenberg i saradnici otkrili antitumorsko delo-
vanje cisplatine, upotreba metalnih kompleksa u lecenju raka
izazvala je veliki interes. Danas su lekovi bazirani na plati-
ni deo standardne hemoterapije u lecenju raznih karcinoma,
tumora maticnih celija, sarkoma i limfoma. Nazalost, toksic-
nost i rezistencija glavne su prepreke za Siru klinicku primenu
tih lekova. Uprkos konzistentnoj brzini pocetnog odgovora,
terapija cisplatinom Cesto rezultiva razvojem rezistencije, sto
dovodi do neuspeha u lecenju. Upotreba cisplatine znatno je
ogranicena jakim nuspojavama, kao $to su nefrotoksicnost,
ototoksicnosti i neurotoksicnost. lako je cisplatina jedan od
najuspesnijih lekova protiv raka do danas, njen biohemijski
mehanizam delovanja jos uvek je nejasan. Opste je prihva-
éeno da cisplatina ima sposobnost interakcije s purinskim
bazama DNA, uzrokuje ostecenja DNA, utice na mehanizine
popravka DNA, a nakon toga indukuje apoptozu u Celijama
raka. Hronicna limfocitna leukemija je neoplasticna lim-
foproliferativna bolest B limfocita koja se karakterise vrio pro-
menjivim klinickim tokom. Klinicki stadijum bolesti i bioloski
prognosticki faktori su vazni prediktori za prezivljenje bolesni-
ka. Rai i Binet klasifikacija bolesti opisuje tri glavne progno-
sticke podskupine. Cesto koriséeni prognosticki biomarkeri u
hronicnoj limfocitnoj leukemiji mogu se podeliti u genotipske
i fenotipske promene. Za hronicnu limfocitnu leukemiju zna-
cajnog napretka u terapiji nije zabelezeno zadnjih 40 godina.
Buduéa naucna istrazivanja imaju za cilj da pronadu nove
komplekse platine efikasnije u lecenju malignih tumora, koji
se mogu oralno primenjivati, ne razvijaju rezistenciju na lek i
imaju manje toksicne nuspojave.

Kljuéne reci: Antitumorski lekovi, derivati platine, Hro-
nicna limfocitna leukemija, Cisplatina mehanizmi delova-
nja, Lecenje tumora
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INTRODUCTION

Cancer is one of the most deadly diseases worldwide,
and chemotherapy is a main strategy for the systemic treat-
ment of cancer. Cancer patients are treated by repeated
cycles of chemotherapy, but the clinical course in some
patients is characterized by a series of relapses. Cisplatin
was the first metal-based agent used in the clinics for the
treatment of cancer. Platinum-based anticancer drugs are
among the most potent chemotherapeutic agents for the
treatment of various malignant tumours. At present, cispl-
atin, carboplatin, and oxaliplatin are the only metal-based
anticancer agents in worldwide clinical use (1). Platinum
complexes are clinically used as adjuvant therapy of cancers
aiming to induce tumour cell death (2). Platinum-based
drugs are used for the treatment of human and animal tu-
mours and are currently indicated for ovarian, testicular,
bladder, colorectal, non-small cell and small cell lung can-
cers, as well as melanomas, lymphomas, and myelomas (3).
There are currently six platinum drugs with marketing ap-
proval in various regions throughout the world: cisplatin,
carboplatin, oxaliplatin, nedaplatin, lobaplatin, and hepta-
platin (3). Severe side effects, as well as drug resistance,
have limited their clinical applications (4, 5).

The World Health Organization classification of hema-
topoietic malignancies describes chronic lymphocytic leu-
kaemia/small lymphocytic lymphoma (CLL/SLL) as aneo-
plasm composed of monomorphic small round to slightly
irregular B lymphocytes in peripheral blood, bone marrow,
spleen and lymph nodes, admixed with prolymphocytes
and paraimmunoblasts forming proliferation centres in
tissue infiltrates (6). These two disorders are morphologi-
cally, phenotypically and genotypically indistinguishable,
different only in the degree of peripheral blood lymphocy-
tosis (7). The term SLL is used for non-leukemic cases with
the tissue morphology and immunophenotype of CLL, and
SLL requires lymphadenopathy, no cytopenias due to bone
marrow infiltration by CLL/SLL and less than 5 x 10°/L B
lymphocytes in peripheral blood (6). Chronic lymphocytic
leukaemia is the most common type of leukaemia in the
Western world, accounting for approximately 30% of all
leukaemias (8). Individuals over 65 years of age account
for 40% of cases, but CLL is extremely rare below the age
of 30 years. The overall incidence is approximately three
per 100,000 per year. Studies on the racial and geographic
distribution show that CLL is 20-30 times more common
in white and black populations of Europe, Australasia and
North America than in populations of India, China and
Japan. The male/female ratio in all populations is approxi-
mately 1.5-2:1 (6).

In 70-80% cases, CLL is diagnosed as an incidental
finding on a routine full blood count. A definitive diagnosis
of CLL is based on the combination of a lymphocytosis and
characteristic lymphocyte morphology and immunophe-
notype. The predominant cell is a small lymphocyte with
a narrow border of scanty cytoplasm and a dense nucleus
with partially aggregated chromatin and without recogniz-

able nucleoli (perspectives). Gumprecht nuclear shadows,
or smudge cells, found as cell debris, are characteristic
findings in CLL (9). CLL/SLL has a distinctive immuno-
phenotype. Using flow cytometry, the tumour cells express
dim surface IgM/IgD, CD5, CD19, CD20, CD22, CD23,
CD43,CD79a and CD11c (weak); however, CD10 is nega-
tive, and FMC-7 and CD79b are usually negative or weakly
expressed in typical CLL (6). Unlike most other lymphoid
malignancies, chromosomal translocations are rare in
CLL/SLL but approximately 80% of the cases have cytoge-
netic abnormalities detected by FISH (10). Approximately
50% of CLL show del 13q14.3, approximately 20% trisomy
12, deletions in 10-20% of 11q22-23, and less commonly,
deletions in 17p13 and 6q21 (6, 10). Somatic mutations of
the Immunoglobulin Heavy Chain Variable (IGHV) genes
are present in at least half of CLL patients, indicating that
antigenic exposure may be relevant in the pathogenesis of
CLL (11).

The clinical course of B-CLL shows a marked heteroge-
neity from an indolent type without need for treatment for
along period, to arapidly progressing disease that requires
immediate therapy. The decision to treat a patient is mainly
based on clinical and laboratory features indicating active
and advanced disease. The Rai and Binet clinical staging
systems are used to define disease extent and prognosis,
and this definition is based on the extent of lymphade-
nopathy, splenomegaly, and hepatomegaly, measured by
palpation, and anaemia and thrombocytopenia measured
by blood cell counts (12, 13). New biological prognostic
factors have become important especially in the early stage
(9). The expression of ZAP-70 and CD38 are both asso-
ciated with an adverse prognosis. Deletions of 11q22-23,
17p13 and 6q21 are associated with worse outcome, and
isolated del 13q14.3 is associated with a more favourable
clinical course (6). Additional adverse predictive factors
include a rapid lymphocyte doubling time in peripheral
blood (<12 months) and serum markers of rapid cell turn-
over, including elevated thymidin kinase, sCD23 and p-2
microglobulin (9). Two subsets of CLL can be determined
based on the presence or absence of somatic hypermuta-
tion by molecular sequencing methods (10). Patients with
unmutated IGVH tend to have more advanced disease
stages and a more aggressive clinical course and tend to
acquire high-risk cytogenetic alterations associated with
CD38 and ZAP-70 expression (10).

The standard first-line therapy includes a purine an-
alogue-based combination (fludarabin, cladribine, and
pentostatin) e.g., fludarabine, cyclophosphamide with or
without rituximab or alkylating agent (chlorambucil in co-
morbid patients). The other protocol for CLL treatment
includes steroids, vincristine, doxorubicine mitoxantrone
and monoclonal antibodies (alemtuzumab) (14). Investiga-
tions on the intrinsic ability of B-CLL cells to avoid apop-
tosis have been mainly centred on the Bcl-2 gene product,
which is the overexpressed prototype antidote to apopto-
sis. Targeting the apoptotic pathways may provide a new
therapeutic approach. Identifying a new agent with novel
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mechanism of action that complement cytotoxicity and
fight the resistance will be necessary for the future therapy
protocols.

Platinum - physical and chemical properties

Platinum is a transition metal located in the centre of
the Periodic Table along with the other members of the
group. These metals are less reactive than the typical met-
als (15). Because of the small energy differences between
the valence shells, a number of oxidation states occur: 0,
+2, +4, and +5. Cisplatin is a simple neutral inorganic com-
pound having square planar geometry and containing a Pt
(II) centre bonded to two non-labile ammine ligands and
two labile chloride ligands (4).

When cisplatin enters the cell, it becomes aquated,
meaning that the chloride ligands are exchanged for water.
This is due to the lower concentration of NaCl in the cyto-
plasm compared to the blood plasma. The aquated molecule
can cross-link DNA through a covalent coordinate bond to
the nitrogen atom on guanine and also to a lesser extent, to
adenine. This DNA damage prevents replication and tran-
scription, which leads to apoptosis and cell death (16).

History of platinum-based therapy

Cisplatin was first synthesized in the late nineteenth
century, after being described in 1845 by Michele Pey-
rone but its anticancer properties were accidentally
discovered by Barnett Rosenberg in the 1960s while he
was studying the effects of electric fields on the growth
of Escherichia coli bacteria (3). Rosenberg and his group
found that the electric current itself had no effect on cell
division, but the current was causing a chemical reaction
dissolving platinum from the electrodes into the medium.
Cisplatin was approved for use as an anticancer drug in
the 1970s. At that time, researchers focused their atten-
tion on identifying organic molecules as new anticancer
agents, so cisplatin expanded the drug testing with metal-
based molecules.

Carboplatin is the second-generation platinum anti-
cancer drug. This drug was developed as a less-toxic de-
rivative of cisplatin; it is equally effective and is used as the
platinum drug of choice in the treatment of ovarian cancers
(15). The main difference between carboplatin and cispla-
tin is the six-membered chelate ring that makes the drug
less reactive and prone to hydrolase and thereby reduces
some of the unwanted side reactions (15). Carboplatin was
approved for clinical use in treating tumours in the 1980s.

Oxaliplatin is the third-generation platinum-based
anticancer drug and it was approved in the 1990s for the
treatment of colorectal carcinoma. Oxaliplatin has a more
complex structure than previous platinum-based antican-
cer drugs and is also effective against some tumours that
have become resistant to cisplatin and carboplatin (15).

Currently, there are many platinum-based drugs in var-
ious stages of clinical trials (3). Platinum (IV) complexes
have greater inertness than the corresponding platinum
(II) complexes. They have some advantages such as oral
administration, reduced toxicity and a decrease in the
amount of the complex that is lost or deactivated in the
path to the target cell (17, 18).

Platinum-based drugs - mechanism of action

The target of platinum-based drugs is nuclear DNA.
Once cisplatin has been intravenously administered to
the patient, it rapidly diffuses into tissues and is highly
bound to plasma proteins (19). The biochemical mecha-
nism by which cisplatin crosses the cell membrane still
remains unclear. Passive diffusion across the cellular
membrane and active transport can both playa role in the
cellular uptake of platinum-based antitumor drugs (4).
Early studies noted that cellular uptake of cisplatin was
linear, concentration dependent, and nonsaturable, and
passively transported across the cellular membrane (20),
whereas in higher concentration, endocytosis may con-
tribute to cisplatin uptake (4, 20). In the cytoplasm, many
cellular components that have soft nucleophilic sites,
such as cytoskeletal microfilaments, thiol-containing
peptides and proteins and RNA, may react with cisplatin
(19). The most important non-DNA targets of cisplatin
probably are the tripeptide glutathione and metallothio-
neins, and their binding has been associated with negative
pharmacological properties including the development of
resistance and toxicity (19). The first step in activation
of cisplatin is aquation, where a chloride leaving group is
replaced by water. Subsequent displacement of this water
allows the platinum to coordinate to a nitrogen atom in
DNA. The N7 atoms of guanine and adenine that are lo-
cated in the major groove of the double helix are the most
accessible and reactive nucleophilic sites for platinum
coordination to DNA (19). Each platinum drug will bind
two bases either through nucleosides on the same strand
(intra-strand binding) or through individual bases on dif-
ferent strands (inter-strand binding) (19, 21). Intrastrand
binding causes the DNA helix to unwind and bend, pre-
venting DNA transcription and replication. This DNA
damage initiates apoptosis.

Recently, active/facilitated transport pathways, such as
copper transporter (Ctrl), have been identified. A connec-
tion between copper and platinum trafficking is bidirec-
tional cross-residence. Cells selected for resistance to high
levels of copper were found to be resistant to platinum and
vice versa. Human Ctrl is a member of a highly conserved
family of copper transporters that subdivide into three re-
gions: 1) an extracellular N-terminal domain, 2) a mem-
brane embedded domain composed of three transmem-
brane helices and 3) an intracellular C-terminal domain
(4). If the mechanism of cisplatin uptake involves endo-
cytosis of the drug bound to Ctrl and degradation of the
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cisplatin-Ctrl complex, then additional steps are needed
to complete the process; that is, cisplatin needs to be re-
leased from the endocytic vesicles into the cytosol or deliv-
ered to the nucleus, mitochondria, and microsomal com-
partments which are known to accumulate platinum after
drug exposure. Endosome and lysosome compartments of
mammalian contain a Ctr2 for the release of intracellular
copper stores. Ctr2 has a large effect on the accumulation
of cisplatin and carboplatin (4, 22).

Platinum complexes, protein interaction and toxicity

Cisplatin and related compounds are known to bind to
several classes of proteins, affecting aspects as diverse as
structural, antioxidant, electron transfer, small molecule or
iron transport, or DNA processing (23). These interactions
should be considered among the mechanism whereby
platinum-containing drugs induce toxic side effects such
as nausea, vomiting, fatigue, alopecia, haematological sup-
pression, peripheral sensory neuropathy, renal damage,
and others.

More than 95% of the cisplatin that enters a cell is
estimated to bind to proteins and peptides, rather than
to DNA (23). Platinum-based anticancer drugs can bind
to a range of proteins, especially at sulphur atoms, af-
fecting their conformation and functions. One possible
mechanism of resistance and toxicity induced by these
drugs may be explained according to this interaction (23).
Cytotoxicity in cancer cells should always be viewed in
relation to general toxicity and not be mistaken for anti-
cancer activity.

Clinical resistance to platinum-based therapy

The major problem with platinum-based anticancer
therapy is that cancer cell exposure to the drugs causes
resistance, and tumours stop responding. Increasing
the dose will increase the toxicity but not gain any anti-
tumour effect (16). The resistance mechanism is multi-
factorial, and several causes have been proposed. From
the molecular point of view, the resistance can be caused
mainly in three ways (16). First, the cell can block the in-
flux of the drug. Second, if the drug does enter, the cells
can efflux it back outside or block it from reaching the
target. Third, if the drug reaches the DNA, it can be re-
moved by a repair system (2).

The pathway controlling the copper homeostasis in the
cell becomes interesting when the cisplatin-resistant can-
cer cells show an over-expression of the copper transport-
ing protein (Ctrl). Ctrl is the main copper uptake trans-
porter in human cells. It is positioned in the cell membrane
where a central pore that functions as a canal has been
formed. Studies of crystallized Ctrl with electron micros-
copy showed a series of rings of methionines, histidines,
and cysteines lingering on the inside of the pore to facili-

tate copper transport (16). Later studies have discovered a
second potential copper transporter, Ctr2 (24). Ctr2 is not
located in the plasma membrane like Ctrl but is located
mostly in the membranes of the intracellular compart-
ments (16). Atox 1 is a copper chaperone that transports
copper from Ctrl to ATP7A/B (16). ATP7A and ATP7B
are two homologous copper ATPases in human cells locat-
ed at the trans-Golgi network. They use the energy of the
ATP hydrolysis to transport Cu from the cytosol across the
cellular membranes. More than likely, this is an indirect
process. Several studies have shown the importance of the
Ctrl in cisplatin drug uptake, regulation of the cellular ac-
cumulation, and cytotoxicity. The overexpression of Ctrl
is found to sensitize cells to the toxic effects of platinum
agents (16). After Ctrl and ATP7A/B were found to medi-
ate cisplatin resistance, Atox 1 has gained interest in case
of platinum anticancer drugs resistance. The cells resistant
to cisplatin had elevated levels of ATP7B, which suggest
that copper ATPases are involved in resistance to platinum
anticancer drugs.

Cisplatin and carboplatin generate mutual cross-resis-
tant cells, but oxaliplatin-resistant cells are often not cross-
resistant to cisplatin, pointing to a different mechanism of
action. Cisplatin resistance occurs intrinsically (e.g., colon
carcinomas) or is acquired (e.g., ovarian carcinomas), and
some cancers show no tendency to acquire resistance at
all (e.g., testicular cancer) (25). Platinum drugs have been
found to overcome resistance in cell lines but have failed
in clinics (26).

Cisplatin induced cell death pathways

DNA damage and subsequent induction of apopto-
sis may be the primary cytotoxic mechanism of cispla-
tin (27). Apoptosis is a built-in cell suicide program that
serves to eliminate cells in the organism that are no longer
needed or have sustained severe damage (28). Apoptosis
is mediated by caspases, a specialized family of aspartate-
specific cysteine proteases. The caspase death effector
machinery is negatively controlled by members of the
Bcl-2 family. Several independent functions of Bcl-2 have
been demonstrated, including the abrogation of the mi-
tochondrial release of caspase-activating factors (such as
cytochrome c), the modulation of antioxidant pathways
and the regulation of calcium homeostasis (29). There
are two separate mechanisms that occur in apoptosis: the
extrinsic pathway, activated by pro-apoptotic receptor
signals at the cellular surface, and the intrinsic pathway,
activated by mitochondrial signals (28). Conventional an-
ticancer therapy seems to stimulate apoptosis primarily
via the intrinsic pathway. The Bcl-2 proteins play impor-
tant roles in the intrinsic pathway, and their elimination
resulted in the prolonged survival and rapid loss of leu-
kaemia cells (29).

A critical checkpoint for the activation of the intrinsic
pathway is the tumour-suppressor p53 protein, a tran-
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scription factor that is considered a ‘guardian of the ge-
nome. P53 has multiple functions, including cell-cycle
control in response to DNA damage, induction of apop-
tosis, and DNA repair (30). Recent evidence suggests that
genes that regulate apoptotic cell death may play a role in
determining the sensitivity of tumour cells to chemother-
apy (30). Inactivation of p53 is among the most common
mutations, occurring in over half of cancers, and provides
a key resistance mechanism that helps cancer to avoid
apoptosis (28). Several studies have shown that sensitiv-
ity to cisplatin usually correlates with the presence of wild
type p53, whereas the lack of functional p53 is related to
cisplatin resistance (19).

There are four basic DNA repair pathways: nucleotide
excision repair, base excision repair, mismatches repair and
double-strand break repairs (31). Each pathway has its own
set of proteins that function entirely independently of the
other pathways. ERCC1 is an excision nuclease within the
nucleotide excision repair pathway. ERCC1 is essential to
life, and well preserved through nature (31). Cancer cell
that express higher levels of ERCCI, also show higher re-
sistance to platinum drug exposure (31), whereas higher
levels of ERCCL1 in CLL cells are accompanied with resis-
tance to alkylating agents (33).

CONCLUSION

In spite of the widespread success of cisplatin, the
search continues for new platinum drugs. This has been
motivated by the desire to improve upon the clinical per-
formance of cisplatin. The side effects associated with
cisplatin treatment can be severe and may include toxic-
ity to the kidney and nervous system. The goal is to ob-
tain a compound with better activity and less toxicity than
cisplatin (32). Rosenberg's original experiment identified
both platinum (II) and platinum (IV) species as possessing
anticancer activity. In spite of this fact, the vast majority
of research since then has focused on platinum (II) com-
pounds. Recognition of the enormous potential that plati-
num (I'V) compounds possess as anticancer agents in term
of high activity, low toxicity, and perhaps the ability to be
effective oral agents, has revived research in this area (32).
An interesting therapeutic approach is the combination of
cisplatin with two or more non-platinum antitumor drugs.
An alternative approach in the treatment of fludarabine-
resistant CLL is the inclusion of platinum-based therapy
in protocols (34). Cisplatin and oxaliplatin have a syner-
gistic cytotoxic effect with fludarabine on CLL cells (35,
36). However, platinum-based therapy increases the risk of
haematological toxicity in patients with hematopoiesis that
is already compromised.

Further studies are needed for the development of new
generations of more efficient platinum-based anticancer
drugs that will show better clinical activity and lower tox-
icity than the currently used platinum-based agents, even
in multidrug-resistant cancers such as CLL.
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ABSTRACT

Metals are essential components in indispensable bio-
chemical processes for living organisms. This review article
highlights the metals zinc and gold in the development and
treatment of breast cancer. Metal compounds offer many ad-
vantages as therapeutics due to their ability to coordinate
ligands in a three-dimensional configuration. In aqueous
solution, they form positively charged ions that can bind to
negatively charged biological molecules. Metal complexes
that contain metal ions such as zinc(ll) and gold have re-
ceived considerable attention as potential anticancer agents.
Zinc is an essential trace element that plays a critical role
in a wide range of cellular processes that include structural,
signalling, catalytic and regulatory functions. Zinc acts as
a key structural component in many proteins and enzymes,
including transcription factors, cellular signalling proteins,
and DNA repair enzymes, and perturbed levels of zinc in tis-
sues may play a role in cancer aetiology and outcome. Unlike
zinc, gold is feasible as a component of compounds for effec-
tive anticancer therapy. Some progress in anticancer therapy
may include interactions between zinc and gold.

Keywords: Zinc, gold complexes, breast cancer, antican-
cer therapy

INTRODUCTION

According to the World Health Organization, breast
cancer accounts for approximately 16% of all types of can-
cer deaths globally. It is the most frequently diagnosed sol-
id tumour in women, and its incidence increases with age.
Both molecular and genetic factors have been documented
to play roles in the initiation and promotion of breast tis-
sue oncogenesis (1). Among genetic factors, the most com-
mon cause is inherited mutation in the BRCA1 or BRCA2
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SAZETAK

Metali su kljucne komponente u svim vaznim biohemijskim
procesima u zivim organizmima. Ovaj revijski ¢lanak opisuje
najvaznije karakteristike odredenih metala, cinka i zlata i nji-
hovu ulogu u razvoju i lecenju karcinoma dojke. Kompleksi me-
tala imaju znacajne prednosti u odnosu na ostale terapeutike
zbog sposobnosti da vezuju ligande i formiraju trodimenzionalne
strukture. U vodenim rastvorima su u formi pozitivno naelek-
trisanih jona i tako mogu da vezuju negativno naelektrisane
biomolekule. Metalni kompleksi koji sadrze jone metala kao $to
su cink(1l) i zlato se intenzivno ispituju kao potencijalni antitu-
morski lekovi. Cink je esencijalni element koji ima kljucnu ulogu
u razlicitim procesima u Celiji kojima se kontrolisu strukturne,
signalne, kataliticke i regulatorne funkcije. Cink je sastavni deo
mnogih proteina i enzima, ukljucujuci transkripcione faktore, si-
gnalne proteine Celije, enzime koji ucestvuju u popravci DNA, a
poremecena koncentracija cinka u tkivima moze da ima ulogu
u razvoju i ishodu tumora. Zlato se nalazi u sastavu razlicitih
kompleksa koji pokazuju efikasan anititumorski odgovor. Neki
od protokola koji se koriste za lecenje tumora ukljucuju kombino-
vany primeny preparata koji sadrze zink i zlato.

Kljucne reci: Cink, kompleksi zlata, tumor dojke, anti-
tumorski lekovi

genes (2). Deregulation of mechanisms that contribute to
increased oxidative stress and the consequent genomic
instability contribute to breast cancer development (3).
The underlying mechanism may also rely on the ability of
oestrogen and oestrogen metabolites to generate reactive
oxygen species (ROS), which induce DNA synthesis, in-
creased phosphorylation of kinases, and activation of tran-
scription factors responsive to either oxidants (e.g., toxins,
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including metal compounds) or oestrogen. Environmental
factors such as nutrition (obesity and alcohol consump-
tion), smoking, and exposure to carcinogens (e.g., metal
compounds) also play a decisive role in breast carcinogen-
esis. Deficiencies in key micronutrients may contribute to
increased cellular stress and associated DNA damage (4-
6). In addition, multiple reports show that metallic com-
pounds can function as oestrogen disruptors (7), while
other studies emphasize the connection between exposure
to metals or metal compounds and breast cancer risk (8,9).

The present review discusses the association of specific
metals, zinc and gold, with regard to their effects in con-
tributing to breast cancer oncogenesis and to the beneficial
effects of these metals in treating the same cancer.

ZINC TRANSPORTERS IN BREAST CANCER AND
ZINC CYTOTOXICITY

Metals and metal compounds have been implicated in
breast cancer biology in a few ways. They can be a possible
risk factor for development of breast cancer, while on the
other hand, their ability to induce cytotoxicity and apopto-
sis in breast cancer cells can be used for anticancer therapy,
or they can be used as diagnostic markers. Zinc is involved
in many aspects of cellular metabolism. It is required for
the catalytic activity of enzymes, it plays roles in immune
function, protein synthesis, wound healing, DNA synthe-
sis, and cell division, and it is critical for the functioning of
greater than 3000 transcription factors (10-12). The role of
zinc in cell growth and division as well as basal homeosta-
sis is of key importance. Zinc is needed for the stabiliza-
tion of the nucleic acids DNA and RNA (13). In fact, all
RNA polymerases (I, II, and III) are zinc metalloenzymes.
Substitution of zinc has been shown to advantage DNA
synthesis, while deficiency in this mineral inhibits DNA
synthesis (14).

The participation of zinc in a number of physiological
processes requires strict control of cellular zinc levels (15).
Zinc cannot passively diffuse through the cell membrane
and requires transporters for its passage (16,17). In addi-
tion, the intracellular distribution of zinc is tightly regu-
lated by a family of proteins that control the uptake, efflux,
and compartmentalization of zinc. There are three known
families of zinc transporters, the Zrt-Irt-like proteins (ZIP
family), the Cation Diffusion Facilitator family, often called
the ZnT family, and the zinc-sensitizing MTs (18). The MTs
play an important regulatory role in zinc uptake, storage,
distribution, and release (19). Transporters of the ZIP fam-
ily are responsible for the uptake of zinc from outside the
cell into the cytoplasm and also contribute to zinc efflux
from subcellular organelles into the cytoplasm. Members
of the ZnT family of transporters, however, perform the
opposite role, functioning in the efflux of zinc from the cy-
toplasm out of the cell, as well as in the translocation of zinc
from the cytoplasm into organelles, effectively decreasing
the cytosolic zinc concentration (20). The expression and

cellular distribution of ZIPs and ZnTs are predominantly
(but not always) regulated by changes in extracellular and
intracellular zinc concentrations. The cellular distribution
of zinc into organelles is precisely managed to provide the
zinc concentration required by each cell compartment.
There is evidence of ZnT and ZIP genetic polymorphisms,
which could influence dietary zinc requirements and zinc
metabolism (21).

Alterations of both cellular and serum zinc content
have been shown in patients with breast cancer (22, 23).
There is a 72% increase in zinc concentration in breast
cancer tissue in comparison with normal tissue. This
evidence regarding breast cancer is coupled with an ob-
served reduction in serum zinc levels (24). In addition
to the observed difference in zinc concentration within
individual patients, cancerous breast cells tend to accu-
mulate more zinc than ancillary non-cancerous breast
cells (25). Significantly higher concentrations of zinc in
breast cancer tissues compared to healthy breast tissue
and lower levels in serum of patients with breast cancer
seems to be due to altered expression of zinc transporters
in breast cancer tissue (26-28).

The zinc transporter LIV-1 has been observed to be
significant for breast cancer (29, 30). LIV-1 and ZIP10,
both from the ZIP family, are associated with breast
cancer metastasis to lymph nodes, and they may play
a causal role in this process (31). The zinc transporter
ZIP10 has been implicated in the migration and metas-
tasis of breast cancer cells, and this invasive behaviour
could be inhibited by the knockdown of ZIP10 expres-
sion (31). This study was consistent with findings from
clinical samples showing that breast cancers with lymph
node metastases expressed significantly higher levels
of ZIP10 than those without lymph node metastases.
Comparable results have been demonstrated with LIV-1
in HeLa cells (32).

Z1P6 is normally localized in the plasma membrane of
mammary epithelial cells, where it imports zinc into the
cytoplasm (33, 34). High levels of ZIP6 are found in meta-
static breast cancer cells (35) and are positively correlated
with lymph node metastasis (36), suggesting the possibility
that it plays a role in tumour progression. A unique char-
acteristic of ZIP6 is the highly conserved putative metal-
loprotease motif that resembles the active site found in
matrix metalloproteinases (MMPs) (37). Increased expres-
sion of certain MMPs is associated with tumour growth,
invasion, metastasis and angiogenesis and correlates with
poor prognosis (38).

ZnT?2 is abundantly expressed in the mammary gland
and is over-expressed in ER+T47D cells (39). Hyperaccu-
mulation of Zn in the malignant T47D breast tumour cells
is correlated with ZnT2 overexpression and increased ve-
sicular zinc pools. Further, attenuation of ZnT2 expression
in malignant cells protects the metallothionein-null breast
tumour cells from zinc-induced cytotoxicity by redirect-
ing zinc into vesicular compartments (39). Because ma-
lignant breast cancer cells accumulate zinc, and exposure
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to high levels of zinc activates apoptosis (40), mechanisms
have evolved to protect cells against zinc-modulated cell
death. Two genetic variants of ZnT2 have been charac-
terized that may further implicate ZnT2 dysfunction in
breast disease (41).

The broad involvement of zinc in biological processes
indicates that aberrations in zinc status may play a signifi-
cant role in cellular dysfunction, including the develop-
ment and/or progression of cancer. Zinc is known to be
essential for cell proliferation (42, 43) and may play a role
in tumour growth (22-24). The effects of growth factors on
proliferation are accompanied by an increase in the con-
centrations of labile zinc, whereas in the absence of zinc,
cells are arrested in the S-phase, with cell proliferation be-
ing attenuated (10).

Opposing effects of exposure to zinc on cell survival
have been described. Effects of high concentration of zinc
in cells appear to be cell-type dependent. It has been re-
ported that zinc induces apoptosis in different cells, in-
cluding epithelial cells of prostate, ovaries, oesophagus,
neurons, glial cells, and hepatoma cells. On the other
hand, zinc has anti-apoptotic effects on breast and lung
epithelial cells, renal cells, macrophages, lymphocytes,
thymocytes, and pancreatic acinar cells (44). Further, it
has been shown that exposure to low zinc levels induces
apoptosis, whereas exposure to high zinc levels inhibits
apoptosis (45). There is still no explanation for these ap-
parently opposite actions of zinc. However, because of
the critical role that zinc plays in biological systems and
its unique properties, zinc has become a potential anti-
cancer agent.

GOLD METALLOPROTEINS
IN ANTICANCER THERAPY

Gold in solution exists as Au+ and Au3+. It has intrigu-
ing properties because gold does not react with water, air,
oxygen, ozone, nitrogen, fluorine, hydrogen, sulfur, iodine
or hydrogen sulfide under normal conditions.

An important issue, both theoretically and experi-
mentally, is the interaction between gold and DNA. Re-
cent experimental studies have shown that DNA bases,
adenine (A), thymine (T), guanine (G), and cytosine (C),
interact with Au surfaces in a specific and sequence-de-
pendent manner. The relative binding affinities of these
nucleobases for adsorption on polycrystalline Au films
obey the following order: A > C 2 G > T. Two key bond-
ing ingredients underlie the base-gold and base pair-
gold hybridizations: the anchoring, either of the Au-N
or Au-O type, and the nonconventional N-H Au hydro-
gen bonding. The former is the leading bonding factor
and results in stronger binding and coplanar coordina-
tion when the ring nitrogen atoms of the nucleobases
are involved (46).

One of the most commonly proposed mechanisms for
gold (III) compound-induced cytotoxicity is the induction

of apoptosis by mitochondrial death pathways related to
reactive oxygen species (ROS) (47). Gold(III) tetraphenyl-
porphyrin downregulates the expression of genes involved
in angiogenesis and inhibits formation of microvessels by
epithelial cells. Further, gold(III) tetraphenylporphyrin has
been shown to inhibit migration and invasion of nasopha-
ryngeal carcinoma cells (48).

Several gold(I) and gold(III) complexes have shown in
vitro anticancer properties against human cancer cell lines,
including cell lines resistant to cisplatin. Cysteine-contain-
ing proteins appear to be likely targets for gold complexes
due to the thiophilicity of gold. Among these proteins,
Cys4 zinc finger domains have attracted significant atten-
tion because gold(I) and gold(IlI) complexes have been
shown to inhibit poly(adenosine diphosphate ribose) poly-
merase-1, an essential protein involved in DNA repair and
cancer resistance to chemotherapies (49).

Gold(III) complexes have shown promising results as
anticancer agents due to their high cytotoxic effects on tu-
mour cells both in vitro in tumour cell lines and in vivo, but
they show reduced or even absent systemic or renal toxic-
ity (50). In the presence of aurothioglucose, A549 human
lung cancer cells exhibited a marked reduction in growth
kinetics.

GOLD NANOPARTICLES IN
THERAPY FOR BREAST CANCER

Ultrasmall gold nanoparticles (GNPs) consisting of
a few to roughly one hundred gold atoms are promis-
ing candidates for delivery vehicles for anticancer drugs
(51). Colloidal gold nanoparticles have great potential to
overcome delivery limitations because of their biocom-
patibility, low toxicity, small size, and tuneable surface
functionalities. If they are exposed to the biologicals
in fluid, a protein adsorption layer forms around them.
Gold nanoparticles have been coated with different bio-
logical agents including tumour necrosis factor, pacli-
taxel, and docetaxel (52-55). It was shown that compared
with free or liposomal doxorubicin, doxorubicin-conju-
gated hollow gold nanoshells (HAuNSs) stimulated with
an NIR laser enhanced eradication of tumours in vivo
and were less cardiotoxic, most likely because the con-
jugated form was associated with less free doxorubicin
in the blood (56).

A number of studies have shown that gold nanopar-
ticles conjugated with antibodies are efficient in targeting
and destroying cancerous tissue (57). A 4-component an-
tibody-phthalocyanine-polyethylene glycol-gold nanopar-
ticle conjugate is described as a potential drug for targeted
photodynamic therapy of breast cancer. Gold nanoparti-
cles, stabilized with a self-assembled layer of a zinc—phtha-
locyanine derivative (photosensitizer) under irradiation
with visible red light efficiently produced cytotoxic singlet
oxygen. It was shown that these gold nanoparticles, when
conjugated with anti-HER2 monoclonal antibody, could be
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effective photodynamic therapy agents for breast cancer
cells that overexpress HER2 (58).

Another form of nanoparticles, Au-Fe304 conjugated
with anti-HER2 monoclonal antibody and cisplatin, al-
lowed target-specific delivery of platinum compounds
to HER2-positive cells. Cisplatin conjugated to nanopar-
ticles is released in endosomes after uptake of the con-
jugates, and it is considered that intracellular release of
cisplatin is stimulated by the lower pH in endosomes (59).
The higher release of cisplatin is followed by higher cy-
totoxicity (60).

CONCLUSION

Metals and metal compounds interfere with breast can-
cer in several means. Under specific conditions, they can
represent possible risk factors for development of breast
cancer, but their cytotoxicity might also have beneficial
effects in inducing apoptosis and cytotoxicity in breast
cancer cells. These include zinc- and gold-containing
complexes, which have allowed significant progress in the
pursuit of developing novel anticancer drugs. Advantages
of metal-containing compounds are based on their ability
to coordinate ligands in three-dimensional configurations,
thus allowing functionalization of groups that can be tai-
lored to defined molecular targets.
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ABSTRACT SAZETAK

e design of platinum based drugs is not a new field of
interest. Platinum complexes are widely used as anticancer
agents and currently, approximately 30 platinum(Il) and
platinum(1V ) entered into some of the phases of dlinical trials. A
special place in today’ research belongs to platinum complexes
with diammine ligands. A large number of edda (ethylenedi-
amine-N, N -diacetate)-type ligands and their corresponding
metal complexes has been successfully synthesized. s article
summarizes recent progress in research on edda-type-platinum
complexes. Some of these agents achieves bettere ect compared
to the gold standard (cisplatin). It has been shown that there
is a possible relationship between the length of the ligand ester
group carbon chain and its cytotoxic e ect. In most cases the
longer the ester chain is the greater is the antitumor activity. Of
particular interest are the noticeable e ects of some new plati-
num compound with edda-type ligand on cell lines that are
known to have a high level of cisplatin-resistance. Exanimate
complexes appear to have a di erent mode of mechanism of
action compared with cisplatin which includes apoptotic and
necrotic celldeath.  ere are indications that further investiga-
tions of these compounds may be very useful in overcoming the
problem s associated global cancer statistic.

Key words: platinum complexes, edda ligand, cytotoxicity
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Kompleski platine koriste se kao osnova za dizajn novih
lekova. Oni su u Sirokoj upotrebi kao antitumorski agensi
i do danas je oko 30 komplesa platine(1l) i platine(IV) u
nekoj od faza klinickog ispitivanja. Posebno mesto u danas-
njim istaZivanjima zauzimaju kompleksi metala sa edda
ligandima. Uspesno je sintetisan veliki broj novih edda
liganda i odgovarajucih kompleksa. Neki od ovih agensa
pokazuju bolju aktivnost od zlatnog standarda, cispla-
tine. Pokazano je da postoji moguca veza izmedu duZine
ugljovodinicnog lanca estraske grupe liganda i citotoksic-
nog efekta. U veéini slucajeva duZina lanca direktno kore-
lira sa antitumorskom aktivnoséu. ZabeleZena je efikasni-
Ja citotoksicna aktivnost odredenih kompleska platine sa
edda ligandima na celijskim linijama tumora koji pokazju
odgovarajuci stepen rezistencije na cisplatinu. Ispitivani ko-
mleksi imaju razlicit mehanizam dejstva od cisplatine, koji
ukljucuje elemente nekroticne i programirane Celijske smrti.
Postoje nagovestaji da dalja istraZivanja ovih agensa mogu
biti znacajna za prevazilaZenje globalnog problema sa ko-
Jjim se svet danas suocava, a koji se odnosi na stalni porast
osoba obolelih od karcinoma.

Kljucne reci:kompleksi platine, edda ligandi, citotoksicnost
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INTRODUCTION

The era of modern medical chemistry, which includes
drugs based on metals, began with discovery of cispla-
tin (cis-diaminedichloroplatinum(II)) (1). It appears that
metal complexes are a solid basis for the design of new
drugs. A vast number of geometric isomers and different
coordination numbers of metallic ions enable fine-tuning
of both kinetic (ligands substitution rate) and thermody-
namic (strength of metal-ligand bonds, electrode potential)
parameters during synthesis of metal complexes — a po-
tential drug (2-5). Ligands play a significant role in design
and synthesis of novel complexes, both due to their ability
to recognize sites where a complex should bind in a target
cell, and the redox processes involved when a ligand that
may be released in the cell (6-10).

Platinum complexes are widely used as anticancer
agents and currently, approximately 30 platinum(II) and
platinum(IV) complexes have entered into some phase
of clinical trial (11). A special place in current research
belongs to platinum complexes with diamine ligands.
A large number of edda (ethylenediamine-N, N-diace-
tate)-type ligands and their corresponding metal complex-
es (platinum, ruthenium, cobalt and palladium) have been
successfully synthesized (12). Among them, platinum and
ruthenium complexes stand out due to their anticancer ef-
fects, which have been confirmed on a large panel of differ-
ent tumour cell lines.

DESIGN AND BIOLOGICAL EVOLUTION
OF PLATINUM BASED DRUG

Cisplatin is the first platinum-based drug with anti-
cancer effect approved by the FDA (Food and Drug Ad-
ministration) and it is most efficient in treatment of many
tumors including testicular, ovarian, kidney and neck can-
cer (2,13). After intravenous administration, cisplatin
remains structurally unaltereddue to the high concen-
tration of hloride in blood plasma (100 mM). It reaches
tumor cells by either simple diffusion through cell mem-
brane or active transport by copper transporter CTR1 (14-
16). Due to much lower concentration of chloride ions in
cytosol (3-20 mM) compared to extracellular fluid, there
is rapid hydrolysis and substitution of chloride ligands by
modified water molecules. After hydrolysis, the platinum
cationic complex ([Pl(NHJ)z(HEO)lF*) enters nucleus where
it forms a coordinative bond with nitrogen atoms of nu-
cleic bases of DNA, usually guanine (17,18). A bifunction-
al GG macrochelate is formed through coordination with
guanine nitrogen atoms from adjacent DNA chains. [Pt(N-
I-[K)Z(HZO)Z]2+ represents a chain between DNA strands. The
modified DNA is permanently damaged and impossible to
be used for transcription and replication, resulting cell cycle
arrest and consequently apoptosis (18-21).

Despite extraordinary success of cisplatin, this drug has
a number of drawbacks (22). For example cisplatin does

not show sufficient selectivity towards tumor cells and
cause nephrotoxicity, ototoxicity, or anemia (23.24). How-
ever, from the chemical standpoint, the platinum(II) com-
plex is highly reactive. It may react with sulphur-contain-
ing amino acids (Cys and Met), such as metallothionein
and albumin. In the cell, in the [Pl(NHz),(H,O),]z’ form, it
can react with different chemical classéé, carbonate ions,
phosphates, methionine, glutathione or metallothioneins.
All this greatly reduces efficiency and utilization of this
drug (3,19,24-27). It has therefore been necessary to syn-
thesize more selective and less reactive molecule. This led
to platinum complexes of the second and third generation
(28-30). Complexes of the second generation are structur-
al analogs of cisplatin, designed to overcome the toxicity
of cisplatin, while the third generation complexes were
created as even more advanced analogues with the main
task to act on tumor cells resistant to cisplatin. Since the
FDA approved cisplatin as drug, seven more platinum(II)
complexes have been introduced to clinical use: 2 of them
worldwide (carboplatin and oxaliplatin) and 5 of them
in certain countries (nedaplatin, loboplatin, heptaplatin,
miriplatin and cycloplatin) (31-33).

It has been found that each ligand has a role in the
structure-activity relationship of synthesized complex
compound. L-ligands, permanent ligands, form the
strongest bond with platinum and remain intact in the
final compound of the complex and DNA (34,35). The
resistance of tumor cells to the drug mainly depends
on these ligands. Oxaliplatin is an analogue of cisplatin,
which has a more voluminous and hydrophobic diamino-
cyclohexyl ligand that “fits” in a major DNA groove thus
preventing access to enzymes which “fix” DNA. The main
advantage of oxaliplatin compared to cisplatin is that it
acts on tumor cells resistant to cisplatin. Currently, it
is the drug of choice for colorectal cancer (21,36). Pt-X
bond (Xis an outgoing ligand) is the weakest, and this is the
place of possible hydrolysis in the cell. Therefore, this ligand
directly affects the kinetics of reaction between the drug and
DNA (34). Modification of these X-ligands can be achieved
by reducing the number of side reactions in the cell. Both L
and X ligand groups affect lipophilicity and solubility of
the complex. Carboplatin (cis-diammine-1,1-cyclobutan-
edicarboxylateplatinum(II)) has in its structure bidentate
cyclobutane dicarboxylate ligand which has impact on
reduction of number of side reactions of this drug in the
cell. These changes eliminated nephrotoxicity of carbo-
platin (23).

Due to the many side reactions of cisplatin and its
analogues in cells, QSAR (quantitative structure activi-
ty-relationship) assessments of platinum(IV) complex are
beginning. These complexes, 5d® low spin electron con-
figurations of Pt(IV) ion have octahedral geometry, which
compared to platinum(I) complexes provides two new
axial ligands, thereby increasing the kinetic stability and
reducing the reactivity of these complexes compared to
platinum(II) complexes. These ligands should be lipophilic
to facilitate easier complex passage through the membrane
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Figure 1. Structural formulae of platinum drug

and to make Pt-ligand bond stronger, so there would not
be any hydrolysis and side reactions. Furthermore, these
ligands are potential binding sites for so-called carriers in
cells, nanoparticles that allow smooth passage of the drug
to target site in a cell. It is assumed that this structure of
platinum(IV) complex affects stability of the complex,
which is the basis for their potential oral use (34, 37).

It was believed that octahedral platinum(IV) com-
plexes are more inert in blood circulation and that they
will be activated when they enter the cell. By cell entering
Pt(IV) complexes will lose Pt(Il) species which are re-
sponsible for cytotoxicity (38). It was believed that this
fact will allow platinum(IV) complexes to be superior over
the platinum(II) complexes regarding the degree of resist-
ance, side effects and possible oral administration. The
first attempt to synthesize a whole new drug platinum(IV)
based line, in context of prodrugs, has been made by
Rosenberg (6). Platinum(IV) complexes c'i.r—[Pl(NH3)3C14],
trans-[Pt(NH,),Cl,] and [Pt(en)CL,] were soon abandoned
because they showed less anticancer activity then cispla-
tin. By today, two most prosperous agents are satraplatin
(IM216) and LA-12 (Figure 1) (39, 40). The greatest suc-
cess was with complex of IM216 - satraplatin. Satraplatin
is a lipophilic molecule, easily enters the cell, it is inert and
stable, and because of all this has potential for oral admin-
istration. It is reduced within the cell by the cytochrome C,
and then by hemoglobin as well in the presence of NADH.
Satraplatin is characterized by a comfort drug use (can be
used orally) for patient unlike other Pt(II) drugs that can
only be used intravenously. The presence of intracellular
agents as glutathione, ascorbic acid and others is required
for reduction of satraplatin and therefore for its activation
(41). Also satraplatin can be used for treatment of pros-
tate, lung and ovarian tumors with little signs of nephro-,
neuro- and ototoxicity. LA12 is a satraplatin analogue and
future investigation will probably demonstrate that it may
be used for ovarian carcinoma resistant on cisplatin, or
even colorectal tumors (42,43).

O
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A series of platinum(IV) complexes similar to JIM216 has
also been synthesized, with aliphatic, aromatic and alicyclic
amines, with straight and branched chain, which showed
higher activity compared to cisplatin. Despite major efforts
and detailed studies and predictions, none of platinum(IV)
complexes, including JM216, has not been approved for
clinical use. Very good results of biological tests of oxalip-
latin and satraplatin encouraged the idea of synthesis of
platinum(I) and platinum(IV) complex with edda type lig-
ands as their analogues, in order to obtain better anti-can-
cer agents (4243).

R EDDA TYPE LIGAND

Since the beginning of platinum derivates explora-
tion, less attention has been given to aminocarboxylate
ligand complexes. Liu (44) was the first who showed the
coordination of ethylenediamine-N,N'-diacetate with
platinum(II). Unfortunately, he obtained [Pt(H,edda)Cl,]
complex in which both carboxylate groups were protonate,
mainly due to synthesis conditions, which left platinum(II)
coordination sphere the same as in [Pt(en)CL]. Over the
coming years, investigations of complexes with edda and
related ligands have attracted the attention, chiefly because
the good chelating ability of the ligands which may indicate
a variety of complexes’ stereochemical and physical prop-
erties. Ethylenediamine-N-N -diacetic acid (edda) contains
two nitrogens and also two oxygens as donor atoms. It acts
as a tetradentate ligand in the case of complete coordina-
tion. R, edda ligand type belongs to the dialkil esters group of
ethylenediamine-N-N “diacetic acid (H,edda), di(izo )propionic
acid (H,eddp, H eddip), di-2-(3-cyclohexyl)-propanoic acid
(Hleddch). di-2-(3methyl)-butanoic adic (Hzeddv), di-2-
(4-methyl)-pentanoic acid (Hzeddl), as well as propilen-
diamine-N-N -diacetic acid (H,pdda) (Figure 2). Edda lig-
ands can very easily be esterified, and during the complete
coordination edda- ligands type esters mainly behave as
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bidentate ligands. In some cases, hydrolysis of one or both
of ester groups occurs, thus the ligands may behave as bi-
dentate or tridentate, respectively (45).

CYTOTOXICITY OF PLATINUM COMPLEXES
WITH EDDA TYPE LIGANDS

Platinum complexes with edda-type ligands

Platinum(II) and platinum(IV) complexes with ehty-
lenediamine ligands, N-(2-hydroxyethyl)ethylenediamine
(heen), N-N -bis(2-hydroxyethyl)ehtylenediamine (he2n),
ehtylenediamine-N, N -diacetic acid (H,edda) and ehtylen-
ediamine-N-monoacetic acid (hedma) were examined in
order to reveal their cytotoxicity on different cell lines of
human ovarian carcinoma (Table 1) (45). These complexes
have temperate cytotoxic effects, through they were sig-
nificantly lower than those of cisplatin and JM-216. It has
been proven that platinum(II)/(IV) complexes with multi-
dentate ligands N-(2-hydroxyethyl)ethane-1,2-diamine

(NNOH) and ethylenediamine-N,N'-diacetic acid (H,ed-
da) have a different influence on CH1, 41M and Skov-3
cell line than on cisplatin resistant cell lines (Table 1) (46).
While platinum(IV) complex with NN ’donor set is 2-5 five
times more potent against cisplatin sensitive/resistant cell
lines, in comparison with platinum(Il) complex, but with
complexes with edda ligand situation is entirely different -
platinum(II) complexes are far more active. Platinum(IV)
complexes with ligands dialkylesters of ethylenediamine-N,
N -diacetic acid (R,edda) [PtCI,(Redda)] x H,O (R = Me,
Et, n-Pr) were also investigated primarily to clarify influ-
ence at length of carbon chain in ester group on antipro-
liferative effect in vitro (Figure 3) (47). Examinations were
performed on severe human tumor cell lines (Table 1). It
was shown that by replacing methyl group in ester chain
by ethyl or propyl group cytotoxic effect will be increased
- the longer the ester chain is, the greater is the antitumor
activity. The absence of this trend is observed on DLD-1
cell line. Complexes [PtCl,(Et,edda)] and [PtCl,(Pr,edda)]
achieved highest cytotoxic activity on cisplatin-resistant
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Table 1. Cytotoxic e ect of Platinum complexes with edda ligand type

Carbon chain

Ligand type complex mw?:{;moup Cellline Cytotoxice ect comparing to cisplatin Study
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G v G O :._'”‘,’:'ﬁ:"::l_m]’) e comparable | complexes [PCI (R eddp) (K562 cell line [IC,, | Kaludjerovic et al (2005)*!
L EiEhin = value 587 M] vs. cisplatin [IC,,50 M)
e ioa ekt R e R eI PUIV) isopropyl (S.S)eddp complex is most
Wand IV i-Pr.i-Bu: :\UI!NIIu-l‘\:lixJ‘(lLIIOI\,]-\‘I‘&}Ij\OIYl.-I:};;;-.;IL e active [IC, value 3048 M /1226 M/ 13.68 Kraicinocic et al (2008)®
an i-Pr.i-Bu: human myelogenous leukemia (K562). ower M| (vs. cisplatin (IC, 447 M/ 577 M/ rajcinocic et al (2008)
malignant melanoma (Fem-x cell) "
47 'M)
rat glioma cell line(C6), human glioma cell IC,, value of cisplatin 9.8 M/23.6 M/19.3
BrJ line(U251), mouse fibrosarcoma lower M vs. IC,, values of PL(IV) complexes were Djinovic et al (2010)
cell line (L929) over then 100 M
(5.5 eddp "
n-Pre ecton HCT-116 cells - [IC,, value of
) 7768 M| (vs. cisplatin [IC,,263.66 M]) and
Iy on MDA-MB-231 cells (72h) [IC,, value of
n-Pr.n-Bu, the colon cancer adnocarcinomacellline | morepotently(n- | 6421 M] (vs. cisplatin [IC, 11411 M]) y
s Stoikovic et al (2014) %
n-Pe (HTC-116), breast cancer Prandn-Pe) | n-Pee ecton HCT-116cells [IC, vale of | Stokovicetal(2014)
cell line (MDA-MB-231) 96.08 M] (vs. cisplatin [IC, 263.66 M]) and
on MDA-MB-231 cells (24h) [IC,, value of
23860 M (vs. cisplatin [IC, 42532 M])
mouse colon cancer (CT26CL25), colon 1Csatieal P nmi(IV) compleses ks up o
e e 5 159 S SIS = ¢ 3 times lower than that of the corresponding
ity and(53) ipriBu: | cancer (HTC116 and SW620), prostate cancer | - more potently St adipleis
Hand 1V 3 (PC3 and LNCaP), gliobl (U251), (Platinum(1V) ) ; i Kaludjerovic et al (2012) %
eddp cyclopentyl i bidlar e TASTS) and e e Platinum(IV ) complexes on CT26CL25,
SR E HCT116.SW620.and BI6 cell lines) [IC,
35-100 M] (vs. cisplatin[IC, ca. 45-120 M])
n-Bu P(II) complex has highest e ect [IC,,
: Et.n-Pr.n-Bu, | human colon cancer cell lines (HCT 116, value 1123 M/ 509 M/402 M] T
d I re Volarevic et al (2013)
eddip 1 n-pe SW480 and CaCo-2) mare potently (vs. cisplatin DRSS !
[IC, 16125 M /5164 M/6474 M])
"'}'j:","h;' Glioma (C6 and U251), fibrosarcoma (L929) [ /0 IC,,value 1.9-8.7 M compareto cisplatin bttt ity 3
it and melanoma (B16) WSy (IC,, 109-670 M) e
meddch v human melanoma (A375), human
lioblastoma (U251), human prostate cancer y
Me ELn-pr | 8 IC,, value of Pt complexes ca. 2.9-213 M (vs. y
16 ELAEE ] (b C3), human colon cancer (HCT116), mouse | more potently fo YAl OF Bt Coutpiexes ¢ Y| Mihajlovic et al (2012)@
and n-Bu A ; P mon cisplatin [IC,,ca. 12.5-120 M])
melanoma (B16) and mouse colon cancer ol
(CT26CL25) cells
Et. n-Pr.n-B IC,, value (form Et to n-Pe) M /985
1 il et chronic lymphocytic leukemia (CLL) more potently M/539 M/1037 M Vujic et al (2011) @
n-Pe ¥ ! Sk
(vs. cisplatin [IC, 26375 M])
eddl = east cancer (MDA-MB-361 1 more potently
. N::;“\"‘r:"'; S c;":z;:\”::g?,r&’(’lh‘lzﬁl | onlyfor swaso | SW480cells: IC, value of Pt complexes (form
v o e S S 2 €| cells.forother | Etton-Pe)509 M/ M/395 M/074 Vujic et al (2012)
n-Pe myelogenous leukemia (K562), colorectal RpesE Rt 3105 M)
cancer (SW480) and CLL lymphocytes BT Wpes. oWver ol £ 0
% or comparable
U251 cells: IC,, value of Pt complexes ca. 1.9-
. ; Me, Et,n-Pr, human glioblastoma (U251). mouse . 17.5 M (vs. cisplatin [IC_ ca. 200 M]) T
eddeh 1y n-Bu melanoma (B16) more potently | g1 cells: IC,, value of Pt complexesca, 3.1- | Mihajlovic etal 2013)
21.3 M (vs.cisplatin [IC, ca. 943 M])
(5.5)-13- .
, -Pe Pyl lex IC,, value 5.4 M/ 11.1
propanediamine- human neoplastic cell lines (HeLa. A549, more potently ';“ Ic“ 9 }I:I();“Ip’“ M“/’ :‘.UMM (vs. cisplatin
N.Ndi-2 u gy MDA-MB-231, LS-174. EA.hy 926). and (n-Pe PU(11) S R e e e Savic et al (2014)©
cyclohexyl) andibe human fetal lung fibroblast cell line (MRC-5) complex) ic,, 6 My . -
propanoic acid
— IC,, value of Pt complexes (form Et to n-Bu)
($.5)-eddba v i chronic lymphocytic leukemia (CLL) more potently 504 M/6.08 M/2528 M(vs.cisplatin | Dimitrijevci et al 2013)%

[IC,, 33161 M)

N/A- not applicable
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Figure 3. Structural formulae of platinum compounds with R2edda ligand type

1411HP cell line. All of them induce apoptosis and their
effect is dose-dependent. Platinum(IT) complexes with bi-
dentate edda ligand type [PICL(Redda)] (R= Me, Et, n-Pr;
edda = ethylenediamine-N, N-diacetate) were also ques-
tioned (48). In vitro cytotoxic effect was studied on various
cell lines to generate new evidence regarding the cytotoxic
effect of these complexes, (Table 1). The aforementioned
trend of the impact of alkyl chain (in ester group) length on
antitumor activity can also be applied in this case, except of
HTC-8 and HT-29 cells. Thus, the highest cytotoxic effect
has been achieved by [PtCL(n-Pr,edda)] against A2780
cells. However, the activities of all these new platinum (IT)
compounds is lower compared to the appropriate plati-
num(IV) complexes, as well as cisplatin.

Platinum complexes with eddp

and eddip-type ligands

Grow inhibition which had been provided by influence
of two new platinum(IV) complexes ([PtX,(eddp)] x n H,0;
X= CUBr; n = 1 or 1,24; eddp=ethylenediamine-N, N*-
di-3-propionate) on A2780/A2780cisR pair of human ovari-
an cancer cell lines, showed that trans-[PtX (eddp)] (x= CI,
Br) complexes have far less cytotoxic affinity compared to

cisplatin and complexes with edda ligands (cis-[PtCl,
(edda)]) (49). There is a high probability that difference in
effects stems from otherwise complex geometry. These
two complexes will obtain dissimilar adducts with cell
molecules (DNA nucleic bases) by direct interaction. How-
ever, if reduction process (Pt(IV) to Pt(I)) occurs before in-
teraction with nucleic bases, trzms—l'Ple(eddp)] complexes
will form tetracoordinated platinum(II) complexes where
eddp ligand occupies all four coordination positions pre-
venting in that way reaction with DNA nucleic bases (49).
In the contrary, reduction ol‘cis-[PlCl:(edda)] complex, by
formatting tetracoordinated platinum(Il) complexes which
contain biscoordinated edda ligand and leaving two chloro
ligands which could easily be replaced and make a link
with DNA (49). Also, some studies of platinum(II)/(IV)
complexes ([PtCl,(Bueddp)], [PtBr,Cl(Bu,eddp)], [Pt-
CLL(Bu.eddp)], [PtCl,(Pe,eddp)], [PtCL(Bu,eddp)]) have
demonstrated that these complexes had five times weaker
cytotoxic effect on HeLa (human cervix adenocarcinoma)
cell line compared to cisplatin, but the effect on K562 (hu-
man myelogenous leukemia) cell line was almost equal to
the effect of cisplatin (Table 1) (50). It was concluded that
the exchange of two chloro ions for two iodo ions in pres-
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ent complexes will only decrease the antitumor activity of
the complexes. It has been shown that these complexes in-
duce apoptosis, but in some cells secondary necrosis was
detected (50). Several complexes of platinum(II)/ (IV) were
investigated in the light of in vitro antitumor activity
against some mouse and human cell lines (Table 1) (51). Of
all of the complexes whose efficiency was studied (trans-
[PtCl(pdda)], trans- [PtBr(pdda)], trans- [PLCl (eddp)],
trans- [PtBr(eddp)], [PtCl(Heddp)], [PtCl,(Pe,eddp)],
[PtCL(Bu,eddp)], [PtCl(Bu,eddp)]), best results were
gained with platinum(IV) complexes [PtCl4(Rzeddp)I (R=
Bu or Pe). These two complexes showed the cytotoxic
activity was dose-depended and comparable with cis-
platin, but also that they archive cytotoxic effect more
rapidly than cisplatin. Further examination of toxicity of
[PtCl(Pe,eddp)] and [PtCl(Bueddp)] pointed out that
these complexes cause ROI (reactive oxygen interme-
diates)-dependent, ERK (extracellular signal-regulated
kinase)-independent induction of tumor cell necrosis
as opposed to cisplatin - it induced ROI-independent
apoptotic death of tumor cells (48). Cytotoxic effect of
two more platinum(IV) complexes, [PtCld(Elzeddp)]
and [PtCL(n-Preddp)], has been investigated on severe
cell lines but each one of them showed less activity in vitro
in regard to cisplatin (Table 1) (52). Kaludjerovic et al. (52)
also established that there is an interaction between plas-
mid pBR322 DNA and platinum(II)/(IV) complexes, in the
presence or absence of ascorbic acid. From all of the plati-
num (eddp) complexes, [PtCl,(n-Bu,eddp)] is the only one
which has in vivo anti-tumor activity demonstrated (53).
Cytotoxic effect of [PtC1,(n-Bu,eddp)] is dose and time de-
pendent, and this complex shows its effect faster then cis-
platin against B16 melanoma cells. Investigation on mice
examined platinum(IV) complex demonstrated greater ef-
ficiency then cisplatin in terms of reducing volume of a
tumor in its appropriate doses. The greater advantage over
the cisplatin is reflected in the absence of kidney damage;
[PLC1,(n-Bu,eddp)] did not show any sign of nephrotoxicity
(53). A new modification of platinum(II/IV) complexes
with R (§,S)eddp ligand type (0,0 ~di-isopropyl or 0,0-di-
isobutyl- (§,S)-ethylenediamide-N, N-di-2-propionate)
were synthetized (Table 1) (54). The results showed that
the PU(IV)complexes were followed with better cytotoxic
activity. Also, it has been noted that if in platinum(II) com-
plexes with this ligand type occur the interchange isopro-
pyl group for isobutyl group, cytotoxic activity will be in-
creased. On the other hand, if this exchange occurs in
platinum(IV) complexes, the cytotoxic activity will be de-
creased, regardless of the type of cell line. However, the
best activity has been demonstrated by platinum(IV) com-
plex with  0,0™-di-isopropyl-(S,S)-ethylenediamide-N,
N*-di-2-propionate ligand against K526 and Fem-x cell
lines, unfortunately each one of these complexes had lower
cytotoxic activity (2-5 times) in comparison to the corre-
sponding cisplatin. Complexes [PLCL{(S,5)-iBu,eddip}],
[PLCL{(S,5)-iPr eddip}] and [PtCL{(S,S)-iBu eddip}] induce
apoptosis. Complex [PtCL{(S,5)-iPr,eddip}] led to chroma-

tin condensation in HeLa cells, but contrary to previous
mentioned complexes which cause rounding of cells, this
complex caused more irregular cell shapes which may indi-
cate that disruption of cytoskeleton and/or plasma mem-
brane may be occurred. Two new platinum(IV) complexes,
and there in vitro activities, were demonstrated - [PtX-
,(8,5-eddp)] x nH,O (§,S-eddp = ethylenediamine-N, N*-
di-S,S-2-propanoate ion, X = chlorido or bromido,n =4, 0)
(55). The complexes displayed significantly lower cytotox-
icity on severe cell lines and have a quite different mecha-
nism of action compared to cisplatin (Table 1). Also ex-
change of tetradentate eddp ligand with bidentate eddp
ester ligand will lead to enhancement in cytotoxicity of
platinum(IV) complexes. Stojkovic et al. (56) synthesized
three new platinum(IV) complexes with bidentate N,
N*ligands, [PtCI,(R,-S,S-eddp)] (R=n-Pr, n-Bu, n-Pe). It
has been shown that all three new complexes have a dose
and time-dependent grow-inhibition effect. [PtCl (n-Pr,-
§,5-eddp)] and [PlCL(n-PeZ-S,S-eddp)] had much higher
antiproliferative activity in comparison with cisplatin.
Also, MDA-MD-231 cell line showed to be less sensitive to
the treatment with all these complexes, including cisplatin.
The greatest cytotoxic effect on HTC-116 cell line was
demonstrated by [PtCl (n-Pe,-S,S-eddp)] and on the oth-
er side greatest effect on a MDA-MB-231 was made by
[PtCl,(n-Pr,-S,S-eddp)]. All this compounds induced a type
of programmed cell death, but the third complex ([PtCl,
(n-Pe,-S,5-eddp)]) had highest proapoptotic effect. Cyto-
toxic effect of two platinum(IV) complexes ([PtCl(R,ed-
dp)]) (R= iPr (isopropyl) or iBu (isobutyl)) and three plati-
num(I)/(IV) complexes (IPlClm(Rzeddip)]) (R= iPr (iso-
propyl), iBu (isobutyl) or ¢-Pe (cyclopentyl)) was examined
on various cancer cell lines (Table 1) (57). Increasing the
number of hydrophobic alkyl side chains appears to result
in enhancement of cytotoxicity, in fact complexes with iso-
propyl group had less activity then those with isobutyl or
cyclopentyl group. Platinum(II) (eddip) complexes with
isobutyl group have proven to be more effective on
HCT116 and SW 620 cells then cisplatin, as was the effect
ofthese types of complexes with cyclopentyl group on CT-
26CL25, HCT116, SW6220 and B16 cells (Table 1). No
signs of toxicity on normal primary cells (fibroblasts and
keratinocytes) of complexes was found. All of these new
platinum compounds induce caspase-dependent apopto-
sis. Moreover, ROS (reactive oxygen species) and RNS
(reactive nitrogen species) are not being singled out as the
main mediators of toxicity. On the same human colon can-
cer cell lines Volarevic et al. (58) examined the antiprolifer-
ative effect of four new platinum(Il) complexes with
0,0 *-dialkyl esters of (S,5)-ethylenediamine- N, N -di-2-(4-
methyl) pentanoic acid (alkyl, ethyl, propyl, n-butyl, n-pen-
tyl). In comparison to cisplatin all these new complexes
have shown a higher cytotoxic activity. Conclusion of this
study indicated that the shorter the ester chain in complex
is, the complex will show less cytotoxic activity. Thus, the
greatest impact was expected from platinum(II) complex
with O,0*-dipentyl esters. Still, highest impact on human
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colon cancer cells (especially on HTC116) has been made
by platinum(Il) complex with O,0-dibutyl esters. It is
thought that the reason for this is the superior intercellular
accumulation (59).

Platinum complexes with meddch-, eddl-, eddch

and eddba- type ligands

Recently, platinum(I) and platinum(IV) complexes
with (S,S)—Rleddl ligand type have been synthetized (60,61).
Highest activity had come from complexes with n- butyl
group in ester chain |P1Cln((S,S)-R2eddl)] (R= Et, Pr, n-Bu
or n-Pe; n=2 or 4; 0,0-diethyl-(S,5)-ethylenediamine-N,
N -di-2-(4-methyl)-pentanoate)platinum), although cy-
totoxic effect increases with the increase of ester chain
length, as previously mentioned. This type of platinum (IT)
complexes were found to display much higher antitumor
activities on CLL cells in comparison to cisplatin (60),
especially [PtCL((S,S)-n-Bu,eddl)], which is the bearer of
the highest antitumor activity of them all. Platinum(IV)
compounds with (S,5)-R,eddl ligand type were appraised
for their cytotoxic effect (Table 1) (61). Very potent com-
plex was also the one with n-butyl group in ester chain
[PlCIJ((S.S)—n—Buzeddl)]. It is interesting that CLL cells
is the only cell line more sensitive on platinum(II) com-
plex. Lazic et al. (59), synthesized a new platinum(IV)
compound with tetradentate coordinated (S,5)-ethylene-
diamine-N,N'-di-2-(3-cyclohexyl) propanoate (cyclohex-
yl edda/eddch). The cytotoxic effect of these complexes
[PLCL((S.5)-R eddch)] (R= Me, Et, n-Pr, n-Bu) were tested
against various cell lines (Table 1). All compounds were
clearly more cytotoxic than cisplatin, especially against
cisplatin-resistant B16 cells. They also suggested that the
length of alkyl chain has different effect than is the case
with other platinum complexes. The longer the alkyl chain
is, the poorer is the antitumor activity. They also cleared
the difference which existed between mechanisms of ac-
tion of these complexes and golden standard. Cisplatin
brings about caspase-dependent apoptosis realized by an
autophagy response. On the other hand, new octahedral
platinum(IV) complexes induce necrosis like cell death.
Soon after, there was a report of octahedral PtIV) com-
plex with di-n-propyl-(§,5)-ethylenediamine-N, N -di-
2-(3-cyclohexyl)propanoato ligand and its effect on im-
mune cells (SPC and LNC) (62). It has been shown that
this platinum(IV) complex, in concentrations which have
been proven effective on tumor cells, does not notably
affect viability of immune cells. Also, this complex disen-
ables synthesis of IFN- , IL-17 and NO in immune cells.
The new prospective platinum(V) drugs were synthe-
sized with the novel N,N'-methylene modified cyclohexyl
ethylenediamine-N,N'-diacetate (edda)-type ligands, [Pt-
CL((S,9)-R,meddch)] (R= Me, Et, n-Pr, n-Bu) (63). All of
these compounds, with the exemption of [PtCL((S,5)-Me-
2meddch)], demonstrated higher citotoxic activity then
cisplatin on every cell line, especially on HCT116 and
CT26CL25 cell lines resistant or poorly responsive to

treatment with cisplatin (Table 1). These platinum(IV)
complexes with eddch ligand type induce apoptosis, but
in lower dose range, and it has been shown that they affect
primary keratinocytes and fibroblasts less then cisplatin,
which may be indicative of their selectivity. Furthermore,
series of complex electrochemical tests were performed
by cyclic voltammetry and differential pulse voltamme-
try (64). This study indicated that the reduction of these
complexes is performed as two-electron process followed
by the loss of axial chloride ligand and the length of the
C atom chain in esters part affects the reduction poten-
tial. Correlation between redox potentials and IC, (half
maximal inhibitory concentration) values was not estab-
lished. Pt(II)-iododo complexes with derivatives of ethyl-
enediamine-N, N -diacetate (edda)-type of ligands, (esters
of (8,5)-1,3-propanediamine-N, N -di-2-(3-cyclohexyl)pro-
panoic acid) are also a new potential anticancer substance
(65). Cytotoxic effect of isobutyl, n-pentyl and isopentyl
esters of these compounds were examined against various
human cell lines (Table 1). Although summary effect of all
these compounds was better in regard to cisplatin, in LS-
174 cells effect was 3 to 4 times higher than golden stand-
ard. However, exanimate complexes seem to have a dif-
ferent mode of mechanism which includes apoptotic and
necrotic elements of cell death. These complexes also evince
better affinity for DN A binding then cisplatin and enter cells
efficiently, which may be an important advantage in respect of
avoiding cell resistance. Better intracellular accumulation and
DNA binding are probably the result of substitution kinetics
of iodide ligands and proper lipophilicity of an edda ligand
type. The cytotoxic effect against freshly isolated CLL cells
is achieved by [PtCI,(R-S,S-eddba)] (R= Et, Pr or Bu) (edd-
ba-ethylenediamine-N, N -di-S,5-(2.2-dibenzyl)acetic acid)
complex, as reported by Dimitrijevic et al. (66). The cytotoxic
influence of [PtCl,(Et -S,S-eddba)] and [PtC,(Pr,-S,S-eddba)]
was better than complex with n-butyl group in ester chain,
but still, all of them have considerably higher antiproliferative
ability against CLL cells then cisplatin (Table 1).

CONCLUSION

The design of platinum based drugs is not a new field of
interest. This article summarizes recent research progress
in research on edda-type-platinum complexes - new type of
platinum based drugs. Some of these compounds achieves
better effect compared with the gold standard (cisplatin).
Of particular interest are the noticeable effect of some new
platinum compound with edda ligand type on cell lines
which are known to have a high level of cisplatin-resist-
ance. There are indications that further investigations of
these compounds may be very useful in overcoming the
problems with global cancer statistic. Further preclinical
and clinical researches might give some useful information
which can help in overcoming the main problems related
to platinum based drugs (including tumor resistance and
less serious side effect).
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ABSTRACT

New complexes of copper(1l) with S-alkenyl derivatives of
thiosalicylic acid (alkenyl = propenyl-(L1), isobutenyl-(L2))
have been synthesized and characterized by microanalysis,
infrared spectra, magnetic measurements, and by NMR
spectra. The cytotoxic activity of two newly synthesized pre-
cursor S-alkenyl derivatives of thiosalicylic acid were tested
using an MTT colorimetric technique on HCT-116 human
colon carcinoma cells. The cytotoxic effect of the copper(1l)-
complexes were higher compared to the cytotoxicity of the
corresponding ligand (for concentrations from 31.25 to 250
uM). Copper(1l)-complexes showed a slightly lower cytotox-
icity compared to cisplatin. Complexes of copper(Il) with
S-alkenyl derivatives of thiosalicylic acid (at concentrations
from 250 to 1000 uM) had a cytotoxic effect on HCT-116
cells compared to cisplatin.

Keywords: S-alkenyl derivatives of thiosalicylic acid,
copper(Il)-complexes, IR and NMR spectroscopy, cytotoxic
activity
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SAZETAK

Novi bakar(Il)-kompleksi sa nekim S-alkenil derivatima
tiosalicilne kiseline (alkenil = propenil-(L1), izobutenil-(L2)) su
sintetisani i okarakterisani na osnovu rezultata mikroanalize,
infracrvenih spektara i magnetnih merenja, dok su odgovaraju-
¢i S-alkenil derivati okarakterisani i na osnovu NMR spektara.
Citotoksicna aktivnost dva novosintetisana liganda S-alkenil
derivata tiosalicilne kiseline je ispitivana pomoéu MTT kolo-
rimetrijske tehnike na humanim Celijama karcinoma debelog
creva, HCT-116. Citotoksicni efekat bakar(1l)-kompleksa je bio
vedi u poredenju sa citotoksicnoséu odgovarajucih liganada (u
koncentracijama od 31,25 do 250 uM). Bakar(1l)-kompleksi su
pokazali neznatno nizu citotoksicnost u poredenju sa cisplati-
nom. Bakar(Il)-kompleksi sa S-alkenil derivatima tiosalicilne
kiseline (u koncentracijama od 250 do 1000 uM) imali su cito-
toksicni efekat na HCT-116 éelijama kao cisplatina.

Klju¢ne reci: S-alkenil derivati tiosalicilne kiseline,
bakar(1l)-kompleksi, IR i NMR spektroskopija, citoksicna
aktivnost
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NMR - nuclear magnetic resonance
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Zn - zinc
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INTRODUCTION

After successful application of ‘“cisplatin” (cis-
diamminedichloroplatinum(Il)) to chemotherapy in can-
cer patients, the exploration of other metal-complexes as
new anticancer agents has continued, to enhance their
specificity towards cancer cells, reduce toxic side effects,
and prevent the development of resistance in human can-
cer cells (1-5).

Copper is an essential element for all organisms who
live in environments rich in oxygen. This redox active
metal converts oxidation state easily from a Cu(l) to
Cu(Il), and vice versa, as in chemical reactions and in
physiological conditions (6). Copper is essential for the
function of several enzymes and proteins, such as cy-
tochrome oxidase, Zn, Cu-superoxide dismutase, lysyl
oxidase, tyrosinase, and dopamine-b-monooxygenase
1,6,7).

The importance of copper is also reflected in the fact
that its deficiency leads to congenital genetic diseases,
such as Wilson’s disease (VD) and Menkes disease (MD)
(8). Copper chelation therapy has attracted considerable
attention for use in research and treatment of various neu-
rodegenerative disorders (9).

The presence of proteins found in copper has been
associated to metabolic changes in cancer cells. The
exact role of copper in the treatment of cancer has not
been sufficiently clarified (6, 10). It is assumed that cop-
peris involved in the generation of ROS (reactive oxygen
species) and the process of angiogenesis by stimulating
the proliferation and migration of human endothelial
cells (10-12).

Thiosalicylic acid and its derivatives have a wide range
of applications. It has been used for the determination of
metals (13, 14); as modifiers of graphite paste electrodes
(15); as photoinitiators of free radical polymerization (16);
in cosmetics (17); in the treatment of dermatological (18),
inflammatory, allergic, and respiratory diseases (19); and
as Ras-tumour growth inhibitors (20).

Copper(II)-complexes may exert cytotoxic activity on
colon carcinoma cell lines. O'Halloran found that a cop-
per complex (Cu[N-salicylidene-(glutamate)(H,0),]-H,0)
at concentrations of 50 and 100 pmol/L was shown to have
distinct cytotoxic activity in human HT-29 colon cancer
cells after 72 hours. Apoptosis was activated by the genera-
tion of large quantities of free radicals (21).

Various studies have confirmed the synthesis and struc-
tural characterization of different complexes of copper(II)
with thiosalicylic acid as a ligand (22, 23). Complexes of
copper(Il) with the S-alkyl derivatives of thiosalicylic acid
showed moderate antimicrobial activity and low antifungal
activity (24). With consideration for these effects, new re-
search examining the cytotoxic potential of copper(1l) with
S-alkyl derivatives of thiosalicylic acid has found that these
derivatives exhibit a lower cytotoxicity compared to cispla-
tinin the human HCT-116 cell line and in murine cell lines
CT26 and CT26.CL25 (25).

The first aim of our study was to synthesize two new
ligands acting as S-alkenyl derivatives of thiosalicylic acid
(alkenyl = propenyl-(L1), isobutenyl-(L2)), and two corre-
sponding copper(Il)-complexes with these ligands. The com-
position and structure of S-alkenyl derivatives of thiosalicylic
acid was assumed on the basis of microanalysis, IR, and
NMR spectroscopy. The composition and structure of syn-
thesized complexes was confirmed based on the microanaly-
sis, IR spectroscopy, and magnetic measurements. Another
aim of our study was to investigate the cytotoxic potential of
copper(Il)-complexes with S-alkenyl derivatives of thiosali-
cylicacid on the human colon cancer cell line HCT-116.

MATERIALS AND METHODS

Materials and measurements

The reagents were obtained commercially and used
without further purification. Elemental analyses were
conducted on a Vario III CHNOS Elemental Analyser, El-
emental Analysensysteme GmbH. For infrared spectra, a
Perkin-Elmer FTIR 31725-X spectrophotometer, and KBr
pellet technique were employed.

Syntheses

General procedure for the synthesis of S-alkenyl de-
rivatives of thiosalicylic acid

The S-alkenyl derivatives of the thiosalicylic acid ligand
(alkenyl = propenyl-(L1), isobutenyl-(L2)) were prepared
(26) by alkylation of thiosalicylic acid using the correspond-
ing alkenyl halides in alkaline water-ethanol solution.

S-propenyl derivative of thiosalicylic acid (S-propenyl-
thiosal), (L1): M.p. 180-181°C, white powder, IR (KBr, cm’
'): 3446, 3075, 2917, 2654, 2557, 1680, 1586, 1562, 1465,
1415, 1314, 1273, 1256, 1153, 1061, 1045, 889, 741, 701,
651, and 551. '"H NMR (200 MHz, CDCL,, § ppm): 3.21 (d,
2H, CH,), 5.92 (m, 1H, CH), 4.93 (m, 2H, CH,) and 7.47-
7.91 (m, 4H, Ar). *C NMR (50 MHz, CDCL,, § ppm): 38.2
(CH,), 1159 (CH,), 136.5 (CH), 125.3; 125.6; 130.2; 131.7;
133.8; 140.1 (Ar), and 172.0 (COOH).

S-isobutenyl derivative of thiosalicylic acid (S-isobute-
nyl-thiosal), (L2): M.p. 182-183°C, white powder, IR (KBr,
cm): 3445, 3076, 2967, 2647, 2556, 1676, 1585, 1562, 1463,
1412, 1317, 1272,1253, 1154, 1061, 1046, 810,743, 651, and
550.'"H NMR (200 MHz, CDCL,, § ppm): 1.82 (s, 3H, CH,),
4.98 (m, 2H, CH,), 3.44(t, 2H, CH,), and 7.42-8.30 (m, 4H,
Ar). ®C NMR (50 MHz, CDCL,, § ppm): 22.5 (CH,), 46.1
(CH,), 112.1 (CH,), 125; 126.5; 126.7; 133.2; 134.1; 142.6
(Ar), and 168.1 (COOH).

Preparation of copper(Il)-complex with S-prope-
nyl derivative of thiosalicylic acid [Cu,(S-propenyl-
thiosal),(H,0),] (C1)

Copper(II)-nitrate trihydrate (0.1000 g, 0.4139 mmol)
was dissolved in 10.0 mL of water on a steam bath, and
S-propenyl derivative of thiosalicylate (0.1607 g, 0.8278
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mmol) was subsequently added. The reaction mixture was
heated for 3 h, and during this period 10.0 ml of LiIOH wa-
ter solution (0.0199 g, 0.8278 mmol) was added in small
portions. The solution was filtered and evaporated to a
small volume. The blue precipitate of copper(Il)-com-
plex was separated by filtration, washed with cold wa-
ter, and air-dried. Yield: 0.1604 g (81.5%). Anal. Calc. for
[Cu,(S-propenyl-thiosal) ,(H,0),] = Cu,C, H O, S, (Mr =
951.126): C, 51.77; H, 4.56; and S, 13.49. Found: C, 51.54;
H, 4.42; and S, 13.29. 1(294 K) = 1.84 -

IR (KBr, cm™): 3441, 3076, 2918, 1610, 1549, 1460,
1435, 1400, 1281, 1258, 1229, 1156, 1062, 1044, 846, 744,
695, 658, and 556.

Preparation of copper(II)-complex with S-isobute-
nyl derivative of thiosalicylic acid [Cu,(S-isobutenyl-
thiosal), (H,0),] (C2)

Copper(Il)-nitrate trihydrate (0.1000 g, 04139 mmol) was
dissolved in 10.0 mL of water on a steam bath, and S-isobutenyl
derivative of thiosalicylate (0.1723 g, 0.8278 mmol) was subse-
quently added. The reaction mixture was heated for 3 h, and
during this period 10.0 mL of LiOH water solution (0.0199 g,
0.8278 mmol) was added in small portions. The solution was
filtered and evaporated to a small volume. The blue precipitate
of copper(Il)-complex was separated by filtration, washed with
cold water, and air-dried. Yield: 0.2228 g (82.1%). Anal. Calc.
for [Cu,(S-isobutenyl-thiosal) (H,0),] = Cu,C, H, O, S, (Mr =
1007.232): C, 53.66; H, 5.10; and S, 12.73. Found: C, 5347; H,
5.18;and S, 12.64. u(294 K) = 1.86 41,

IR (KBr, cm™): 3446, 2969, 2915, 1613, 1589, 1400,
1281, 1257, 1157, 1062, 847, 744, 719, 656, and 510.

Preparation of drug solutions

Complexes were dissolved in 10% dimethylsulfoxide
(DMSO) in distilled water at a concentration of 10 mM and
filtered through a 0.22 mm Millipore filter. These stock so-
lutions were diluted in culture medium immediately be-
fore use. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5- -diphenyl
tetrazolium bromide was dissolved (5 mg/mL) in a phos-
phate buffer saline having a pH of 7.2, and filtered through
the 0.22 mm Millipore filter before use. All reagents were
purchased from Sigma Chemicals.

Cell culture
HCT-116 cells were kindly provided by Dr Danijela
Vignjevi¢ (Institute Curie, Paris, France). Cells were main-

HO. 0 NaO.

SH

C;H;0H/H,0
+RX +2NaOH — >

tained in DMEM (Sigma Aldrich, Munich, Germany)
supplemented with 10% fetal bovine serum (FBS, Sigma
Aldrich, Munich, Germany), penicillin (100 IU/mL), and
streptomycin (100 pg/mL) in a humidified atmosphere of
95% air and 5% CO, at 37°C. Subconfluent monolayers in
the logarithmic growth phase were harvested by a brief
treatment with 0.25% trypsin and 0.02% EDTA in phos-
phate-buffered saline (PBS, PAA Laboratories GmbH) and
washed three times in serum-free PBS. The number of vi-
able cells was determined by trypan blue exclusion.

Cytotoxicity assays

The effects of the tested compounds on cell viability
were determined using the MTT colorimetric technique
(27). HCT-116 cells were diluted with growth medium
to 5-10* cells/mL, and aliquots (5:10° cells/100 mL) were
placed in individual wells in 96-well plates. The next day
the medium was exchanged with 100 L of different com-
pounds, which had been serially diluted 2-fold in the me-
dium to concentrations ranging from 1000 uM to 7.8 uM
in growth medium. Each compound was tested in tripli-
cate. Cells were incubated at 37°C in 5% CO, for 72 h. After
incubation the supernatant was removed, and 15% MTT
solution (5 mg/mL in PBS, 10 pL) in DMEM without FBS
was added to each well. After an additional 4 h of incuba-
tion at 37°C in 5% CO,, the medium with MTT was re-
moved and DMSO (150 pL) with glycine buffer (20 pL) was
added to dissolve the crystals. The plates were shaken for
10 min. The optical density of each well was determined
at 595 nm using microplate Zenyth 3100 Multimode de-
tector. The percentage of cytotoxicity was calculated using
the formula: % cytotoxicity = 100-((E-B)/(S-B)-100), where
B is the background of medium alone, S is total viability/
spontaneous death of untreated target cells, and E is exper-
imental well. Each of the tested complexes was evaluated
for cytotoxicity in three separate experiments.

RESULTS AND DISCUSSION

Synthesis and chemical characterization

S-alkenyl (R = propenyl-(L1), isobutenyl-(L2)) deriva-
tives of thiosalicylic acid were prepared (26) by alkylation
of thiosalicylic acid using the corresponding alkenyl halo-
genides in an alkaline water-ethanol solution (Scheme 1).
The corresponding complexes were obtained by a direct

O HO 0

Scheme 1. Synthesis method of S-alkenyl derivates of thiosalicylic acid, R = propenyl-(L1), isobutenyl-(L2).
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Scheme 2. Synthesis of copper(IT)-complex with S-alkenyl derivates of thiosalicylic acid, R = propenyl-(C1), isobutenyl-(C2).

Table 1. The most important infrared bands (cm™) of the investigated
compounds.

Compound -S-R -COO (as) -COO (sim)
S-propenyl-thiosal (L1) 702(m) 1680(s) 1415(s)
[Cu,(S-propenyl- 1610(s)
thiosal) (H,0)] (1) | %%™ | 15066) | 140109
S-isobutenyl-thiosal (L2) | 702(m) 1676(s) 1412(s)
[Cu,(S-isobutenyl- 1613(s)
thiosal) (H,0),] (C2) 697{m) 1589(s) 1400(s)

s-strong, m-medium

reaction of copper(ll)-nitrate trihydrate with S-alkenyl de-
rivatives of thiosalicylic acid (molar ratio 1:2) in a water so-
lution with satisfactory yields (more than 80%) (Scheme 2).

Infrared spectra of the isolated complexes were mea-
sured to find the coordination mode of the S-alkenyl de-
rivatives of thiosalicylic acid. The asymmetric stretching
frequencies of the carboxyl group were used to determine
whether it was coordinated (the absorption bands are lo-
cated in the region 1600-1650 cm™) or uncoordinated (the
absorption bands are located in the region 1700-1750 cm-
') to the metal ion (28-30). The infrared spectra of com-
plexes C1 and C2 indicated that the carboxyl groups of
S-alkenyl derivatives of thiosalicylic were definitely coor-
dinated to the central copper(Il)-complexes.

The isolated (Cu,(S-alkenyl-thiosal),(H,0),] complex-
es show double sharp and strong asymmetric stretching
frequencies of the carboxyl groups of the coordinated S-
alkenyl derivatives of thiosalicylic acid to Cu(Il)-ion at ap-
proximately 1548-1615 cm™ (Table 1). The observed clear
double bands for isolated complexes suggest small differ-
ences in the coordination of the carboxyl groups of the li-
gands to the copper(Il)-ion. Based on previously published

results from structurally similar ligands, we can conclude
that there was a coordination of S-alkenyl derivatives of
thiosalicylic acid with copper(II)-ions in forming binuclear
complexes.

Additionally, the strong sharp single symmetric stretch-
ing bands of the coordinated carboxyl groups of the S-al-
kenyl derivatives of thiosalicylic acid lie in the expected
region (approximately 1400 cm™).

Magnetic measurements

Binuclear copper(Il)-complexes (31, 32) are stable in
dimeric form. The low value of p at room temperature
(approximately 1.86 BM) is indicative of an antiferromag-
netic interaction between the two metal centres typical of
binuclear carboxylates of copper(ll) of the type: [Cu(R-
COO),L], (33-35). The main factor determining the mag-
nitude of the antiferromagnetic interaction in the dimeric
copper(Il) carboxylates is the electronic structure of the
bridging OCO moiety, as published previously (31, 32-35).

Anticancer activity of copper(II)-complexes

The MTT assay for cell viability shows that the two
newly synthesized precursor S-alkenyl derivatives of thio-
salicylic acid, as well as their corresponding copper(Il)-
complexes, exhibit cytotoxic activity in HCT-116 human
colon carcinoma cells after 24 hours (Figure 1). The cyto-
toxic effect of the copper(Il)-complexes was higher than
the cytotoxicity of the corresponding ligands, especially for
concentrations from 31.25 to 250 pM. Copper complexes
showed slightly lower cytotoxicity compared to cisplatin.
However, higher concentrations of C2 (250-1000 uM) had
an almost equal cytotoxic effect on HCT-116 cells, relative
to cisplatin.
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Figure 1. Representative graphs of HCT-116 cell survival after 24 h cell
growth in the presence of copper(II) complexes and ligand precursors.
Each point represents a mean value and standard deviation of 3 experi-
ments with 3 replicates per dose.

CONCLUSION

The complexes of copper(Il) with S-alkenyl derivatives
of thiosalicylic acid (alkenyl = propenyl-(L1), isobutenyl-
(L2)) have been synthesized and characterized by micro-
analysis, infrared spectroscopy, and magnetic measure-
ments. The cytotoxic effect of the copper(II)-complex was
higher compared to the cytotoxicity of the corresponding
ligands. Copper(II)-complexes showed slightly lower cyto-
toxicity compared to cisplatin. Complexes with S-alkenyl
derivatives of thiosalicylic acid in concentrations from 250
to 1000 uM had a cytotoxic effect on HCT-116 cells that
was similar to cisplatin.
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