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SEZNAM ZKRATEK

Ab protilatka

Ag antigen

BSA hovézi serumalbumin

COMP trombospondin-5 (cartilage oligomeric matrix protein)
DTT dithiothreitol

EIA €nzymoimunoesej

Ig imunoglobulin

iNOS  inducibilni NO syntaza

KLH  hemocyanin z pfilipky modravé (Patella caerulea)
MAb  monoklonalni protilatka

MMP  tkanové metaloproteinasy

mRNA messenger ribonukleové kyselina

OA osteoartroza
RA revmatoidni artritida
RIA radioimunoesej

SDS laurylsiran sodny (dodecylsulfat sodny)

TIMP  tkanovy inhibitor metaloproteinas



UvVOD

1. Tkanove poskozeni

Primarni podnét, vedouci k tkanovému poskozeni, je obvykle exogenniho piivodu.
Endogenniho pivodu jsou ziejmé ta poskozeni tkang, kdy dochazi k soustavnému,
dlouhodobému modifikovani (napf. vlivem starnuti) nékteré jeji komponenty, ktera vede k
ztraté jeji funkCEnosti (napr. glykace proteint Cocky ¢€i racemisace jejich aminokyselin).
Exogenni zasah, vedouci k poSkozeni tkan€, mize byt fyzikalni podstaty (mechanicky -
poranéni, tepelny - popaleni, ionizujici zafeni atd.), chemicky (napf. toxiny, alergeny, ale i

ptebytek ¢i nedostatek kysliku) nebo biologicky (napt. infekce).

Chemicky ¢&i biologicky bodnét vyvolava primarni odpovéd” a tou je obvykle uvolnéni
cytokint do extracelularniho prostoru anebo produkce volnych radikalti. Uginek cytokint na
ostatni bunky je velmi riznorody a zavisi na jejich typu, ale cytokiny jako takové tkan¢ |
nedegraduji. Oproti tomu volné radikaly mohou sice mit vlastnosti hormont (oxid dusnaty) a
mit protektivni G¢inek, ale mnohem Castéji tkan€ poskozuji, at’ uz jako takové nebo svymi
reaktivnimi produkty (po reakci s kovy, oxidanty nebo reduktanty). Volné radikaly, diky své
reaktivité, maji kratkou dobu existence a proto jejich stanoveni je obtizné a Casto se prevadi
na stanoveni stabilniho produktu vznikajiciho reakci volného radikalu. P¥ikladem mize byt
mé&feni produkce oxidu dusnatého na zdklad€ stanoveni dusitanti, €1 méfeni soucasné
produkce oxidu dusnatého a superoxidu, které spolu reaguji za vzniku kyseliny peroxydusité.
Ta je silnym oxida¢nim a nitraénim agens a produkt jeji reakce s tyrosinem - 3-nitrotyrosin -
je stabilni a proto Ize produkci kyseliny peroxydusité zméfit na zaklad¢ stanoveni 3-

nitrotyrosinu.

Dalsf fazi tkanového poSkozeni je exprese, uvolnéni a zvySena aktivita "lytickych" enzyma v

extraceluldrnim prostoru (napf. tkdnové metaloproteinasy - MMP). Zvysena aktivita muze byt



zpusobena jak pfeménou jiZ syntetizovanych enzymii v neaktivni formée (konverse proenzymu
na enzym) ¢i odstranénim jejich inhibitord, tak i jejich synthesou de novo. Obecné lze fici, ze
zvySend aktivita v prvni fazi je vyvolana aktivaci jiz pfitomnych neaktivnich enzymu. ZvySena
aktivita dané¢ho enzymu muze byt za pomoci vhodnych substratl zmeétena, ale pro blizsi
objasnéni mechanismu vlivu daného enzymu na degradaci tkan€ je nutné zjistit i analytické
koncentrace enzymu a proenzymu ev. jeho dilezitych inhibitort (napt. TIMP v ptipade

MMP) a nebo alespon kvantifikovat mnozstvi mRNA daného enzymu v studované tkani .

V nasledujici fazi jsou makromolekuly, modifikované reakci s volnymi radikaly anebo
degradované indukovanymi enzymy, odstranovany z poSkozené tkané. Velmi €asto tyto S$t€py
makromolekul dale stimuluji "zanétlivou reakci” (napt. $t€py kyseliny hyaluronové).
Detekovat tuto fazi tkanového poskozeni mizeme pomoci pritomnosti specifickych markert
v télnich tekutinach, nej¢asteji v krvi. Marker pro poskozeni dané tkané je obvykle fragment

bilkoviny specifické pro danou tkan.

Koneéné posledni fazf tkanového poskozeni je reparace. PrisluSné buniky obvykle migruji do
poskozené oblasti, proliferuji a syntetizuji novou extracelularni matrix. V piipad¢€ vétsich
poskozeni se obvykle Upln€ neobnovi ptivodni tkan, ale remodelaci vznika tkan se zmén€nymi
funkénimi vlastnostmi. Piikladem muze byt tkanoveé poSkozeni plic vlivem chronické hypoxie

a nasledna remodelace plicnich cév vedouci k plicni hypertensi (Hampl and Herget 2000).

2. Imunochemické metody

Jednotlivé faze tkanového poskozeni lze detekovat riznymi biochemickymi technikami, ale v
poslednim desetileti nabyvaji na vyznamu imunochemické metody, tj. metody vyuzivajici
protilatky. Vyhodou téchto metod je universalita, protoze protilatky je mozno pfipravit proti

vSem biologickym makromolekulam (vyjimkou je hyaluronova kyselina) a i proti vétSiné



nizkomolekularnich organickych latek. Specifita a citlivost téchto metod zavisi na prislusné
protilaice. Obecné je specifita vysoka a metody patii k nejcitlivéj$im biochemickym metodam.
Hlavni nevyhodou je nutnost ziskani ptislu$né protilatky. Je-1i komerén€ dostupna, je s
vyjimkou protilatek proti nejb&€zn&jsim antigenim pomérné draha, neni-li v nabidce firem, je

nutné ji pripravit, cozZ byva naro¢né jak casove, tak finanéné.

Zékladnim kamenem imunochemickych metod je protilatka (Ab), biochemicky
imunoglobulin. Imunoglobulin je glykoprotein skladajici se z t€zkych fetézcl o molekulové
vaze 55-80kDa a lehkych fetézct (22-23kDa). Je zndmo pét tiid imunoglobulint (viz Tabulka
1). V organismu jsou imunogiobuliny syntetizovany plasmatickymi burikami, které vznikaji
terminalni diferenciaci B lymfocytl. Kazdy B lymfocyt ma specificky membranovy receptor,
kterym je imunoglobulin s extensi C-konce t€Zkého reté€zce a touto extensi je ukotven v
membrané lymfocytu. Po navazani antigenu na tento receptor se B lymfocyty déli a déle
uchovavaji jako pamétové buiiky nebo diferencuji v plasmatické bunky syntetizujici a
sekretuji imunoglobulin identicky receptoru (bez extense té€zkého retézce). Kazda plasmaticka
bunka pochazi z jednoho kionu lymfocytu a produkuje pouze jediny typ imunoglobulinu -
monoklonalni protilatku. ProtoZe v organismu je cela fada klondl lymfocyti s odliSnym
receptorem proti danému antigenu, je béhem imunizace stimulovana celd fada klonli B
lymfocytt, vysledné plasmatické bunky kazdého klonu produkuji sviij specificky
imunoglobulin a vysledkem je polyklonalni protilatka, jejiz vlastnosti jsou primeérem
vlastnosti a koncentraci jednotlivych imunoglobulint riznych tiid a specifit. Nelze proto
opakovang¢ pfipravit naprosto shodnou polyklonalni protilatku. Navic isolované sérum z
imunizovanych zvirat obsahuje vSechny sérové bilkoviny a zvlasté protilatky proti jinym
antigentim interferuji pti vétsin€é metod . Pro pouziti v imunochemickych metodach je obvykle

nutné specifické protilatky slozitymi postupy isolovat.



Tabulka

Zékladni vlastnosti mysich imunoglobulini

Ttida imunoglobulint

T

IgM IgG IgA IgDh IgE
Podtridy 1 e 4 - - 1 B 1 1
M.v. [kDa] - 900 160 170 - 500 | 180 ‘ 190
_K_oncentrace v séru [mg/ml]_ 0,1-1,0 3-20 1-3 | 0,001-0,01 _ <0,001
Teézky retézec | u ¥ o ) £
Lehky fetézec |« &k kCl A Kk ClA k1A kCiA
||Stechi0metric * - (e2p2)s K2Y2 (o2)i3 | x2d2 K2€2
' ) L (e A2y2 (R202)13 | A2d2 | e
Obsahcukra[%] | 9-12 9§ 7=11 12-15 | 12
Polo¢as v séru [dny] _ 1 2 (Gav) 1 <1 <1

4 (ostatni)

* Slozeni nativni molekuly

Nevyhody polyklonalnich protilatek odstranil objev universalni ptipravy monoklonalnich

protilatek Kohlera a Milsteina (Kohler and Milstein 1975; Kohler and Milstein 1976). Jejich

zavedenti c_‘io"/bylo pti¢inou rychlého rozvoje imunochemickych a imunohistologickych metod

v poslednich dvou dekadach. Princip pfipravy monoklonalnich protilatek je jednoduchy a

dobfe ilustruje vyuziti n€kolika objevi zakladniho vyzkumu v nasledny komeréné vyuzitelny

objev. Jerneho teorie definovala, ze kazdy lymfocyt je schopen syntetizovat jediny specificky

imunoglobulin. Technika buné¢nych kultur umoznovala kultivaci buné¢k Metazoi v zivném

roztoku, odvozeni nesmrtelnych linii bun€k a také principy a techniky fuze bunék, tj. spojeni

dvou bunék v jedinou, ktera nese geneticky material obou bunék. Koneéné genetické techniky

vyuzivané v in vitro metodach poskytly rizné mutované linie bun€k a také zjistily zptsob

jejich selekce. Kohler a Milstein pouzili bunéénou linii mySich myelomovych bun¢k s

poskozenym genem pro enzym hypoxanthinguaninfosforibosyl-transferasu (HGPRT). Pro

takto mutované buriky je toxicky analog kyseliny listové aminopterin. Buriky této nesmrtelné



linie fuzovaly s diferencujicimi B lymfocyty (ze sleziny imunizované mysi po provokujici
injekei antigenu) a takto ziskané sfuzované buniky - hybridomy - kultivovali v Zivném mediu
obsahujicim aminopterin. Puvodni diferencujici lymfocyty v kultufe (stejn€ jako v organismu)
nerostly, plivodni myelomové buriky byly zabijeny aminopterinem a po zhruba ¢trnacti dnech
rostly pouze hybridomy, které ziskaly riistovy potenciél (a nesmrtelnost) z buitkky myelomové
linie a resistenci vici aminopterinu a schopnost syntetizovat imunoglobulin z B lymfocytu. Po
nasledném klonovani a testovani na produkci imunoglobulinu proti danému antigenu byly
izolovany hybridomy, které produkovaly jedinou monoklonalni protilatku (MAb) dané tridy a

byly nesmrtelné.

Hlavni vyhoda monoklonalni protilatky oproti polyklonalni je, Ze danou monoklonalni latku
miizeme presné definovat (co se tyCe afinity, avidity, kiizové reaktivity atd.) jednou provzdy.
Zdroj této monoklonalni protilatky je neomezeny a zarucuje nam reprodukovatelnost. Pokud
je potfeba monoklonalni protilatku purifikovat, sta¢i pouze jednoduché universalni afinitni
chromatografie na imobilizovaném proteinu A nebo G (vazi IgG v oblasti téZkého retézce)
oproti slozitym purifikaénim postuptim na purifikaci polyklonalnich protilatek. Vyhodou je i
fakt, Ze zvirata je mozné imunizovat i velmi komplexni smési antigend (napf. bunikami) a
presto izolovat monoklonalni protilatku proti jedinému antigenu, coz velmi napomohlo napf.

vvvvvv

zpusob ziskavani monoklonalni protilatky proti novym antigentim, pfiprava hybridomu je

N4 ~

technicky i finan¢né naro¢néjsi nez klasickd imunizace zvirat.

Imunochemické metody mohou vyuZivat jak monoklonalni tak polyklonalni protilatky vsech
tfid, ale v praxi se vyuzivaji hlavné imunoglobuliny tiidy G. U IgM je nevyhodou jejich
pentamerni charakter (molekula obsahuje 10 tézkych a 10 lehkych retézct a tudiz 10
potencialnich vaznych mist), navic IgM jsou imunoglobuliny primérni imunitni odpovédi,

tudiz maji niz$i afinitu a jsou produkovany v nizsich mnozstvich nez imunoglobuliny tridy G



(hlavni imunoglobuliny sekundarni odpovédi). Imunoglobuliny IgA (hlavni imunoglobuliny
sekretl) se proti specifickym antigentim izoluji zfidka a imunoglobuliny D a E se vyskytuji v
organismu ve velmi nizkych koncentracich a hybridomy pro produkci téchto imunoglobulinii
byly pfipraveny v omezeném mnozstvi specifickymi postupy pro vlastni studium téchto

imunoglobulint.

Zéakladnim krokem vsech imunochemickych metod je tvorba komplexu antigen-protilatka
(rovnovaha je posunuta vyrazn€ na stranu imunokomplexu) a jeho separace od volnych
komponent (tj. volného Ag a Ab). Nize uvedené imunochemické techniky, serazeny dle jejich
vyuzitelnosti pfi studiu tkattového poskozeni, jsou :

1) Imunoeseje

2) Imunoblotovani

3) Imunoprecipitace

4) Imunoafinitni chromatografie

2.1. Imunoeseje

Imunoeseje jsou pravdépodobné nejuzivanéjsi a nejuzitecne€jsi imunochemickou metodou.
Umoznuji detekovat i kvantifikovat jak protilatky (Ab) tak antigeny (Ag) a studovat strukturu
antigentl. Jsou pomérn¢ rychlé a neprili$ slozité a 1ze s nimi ziskat informace obtizné
ziskatelné jinymi metodami. Princip této kvantitativni metody je zalozen na pfidani malého
mnozstvi znacené protilatky nebo antigenu k studované smesi antigen-protilatka a stanoveni
této znaCené komponenty ve vysledném imunokomplexu. Mnozstvi znatené komponenty

v imunokomplexu je zavislé na koncentracich vychozich nezna¢enych komponent. Nezbytnou
podminkou vyuziti téchto metod pro analyzu antigent je, aby antigen byl rozpustny v pufru
zhruba fysiologického pH, osmolarity a bez detergenti rusicich vazbu antigen-protilatka.

Podle zplsobii provedeni si mizeme tyto metody rozdélit na metody homogenni a
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heterogenni, dle zplisobu znaeni a nasledné detekce na radioimunoeseje (RIA) a

enzymoimunoeseje (EIA).

V homogennich systémech se vazba antigen-protilatka vytvaii za podminek, kdy ob¢ slozky
(antigen a protilatka) jsou v roztoku a vysledny komplex se od volnych komponent odstrani z
roztoku pomoci precipitace ¢i sorpce. Tento typ metod mél velky vyznam v RIA | ale dnes
jsou dnes spiSe historickou zalezitosti. Heterogenni systém vyuZiva toho, Ze jedna z
komponent (antigen nebo protilatka) je adsorbovana na povrchu pevné latky (obvykle povrchu
jamky mikrotitraéni desticky), takze po navazani druhé komponenty a vytvoreni vazby
antigen-protildtka lze voinou komponentu snadno odstranit (,,odmyt*). Tt1 zakladni

usporadani jsou :

a) s adsorbovanym antigenem - vhodny pro detekci a kvantifikaci jak antigeni tak

specifickych protilatek
b) s adsorbovanou protilatkou - vhodny pro detekei i kvantifikaci antigenti

c) sendvicovy systém - vhodny pro detekei a stanoveni bilkovin nesoucich dvé odlisné

antigenni determinanty (proti nimz jsou protilatky)

(R

Variaci jednotlivych usporadani je celé rada, detailn€jsi informace jsou uvedeny v knize
Harlowa a Laneho (Harlow and Lane 1988) ¢i Crowthera (Crowther 2001). K detekci a
kvantifikaci imunokomplext se v radioimunoesejich vyuzivaji radioisotopy (tj. znaceni
radioisotopem), ale modernégjsi a vici okoli SetrnéjSi jsou metody, kde se molekuly (at’ jiz
antigenu, protilatky. nebo sekundarni protilatky proti prvni protilatce) oznaci kovalentnim
navazanim vhodného enzymu (nej€astéji kienoveé peroxidasy) a detekce je provedena
enzymatickou reakei pfislu§ného enzymu - ezymoimunoeseje (EIA nékdy ELISA). Dlouho se

zddlo, ze EIA metody jsou sice Setrné€j$i vici Zivotnimu prostiedi i pracovnikim, ale méné

citlivé. Zavedenim fluorescencnich a luminiscencnich enzymatickych reakci se citlivost EIA



metod zvysila natolik, Ze se citlivosti RIA metoddm vyrovnaji a ve vech ostatnim smeérech je

pred¢i.

2.2. Imunoblotovani

Imunoblotovani, nazyvané také Western blotting, je technika, ktera kombinuje separaéni
ucinnost gelové elektroforesy se specifitou detekce na basi vazby antigen-protilatka (Burnette
1981). V principu je to metoda semikvantitativni, ale umoznuje studovat i antigeny, které jsou
v béZnych pufrech nerozpustné a tudiz nestanovitelné pomoci imunoeseje. Zékladni postup
spociva v rozpusténi vzorku ve vhodném pufru (napt. zvySena teplota, detergenty a reduk¢ni
¢inidla nejen Ze nevadi, ale ¢asto jsou i doporuceny), rozdé€leni antigenti vzorku vhodnou
gelovou elektroforesou (nejcastéji SDS polyakrylamidovou gelovou elektroforesou), pienosu
rozdélenych polypeptidl z gelu na vhodnou membranu (nitrocelulosu, noveji PVDF),
blokovani nespecifickych vazebnych mist membrany, nasledné pridani specifické protilatky
(primdrni protilatky) a jeji vazb¢ na ta mista membrany, ktera obsahuji ptisluSnym antigen.
Bud’ je primarni protilatka vhodn€ oznafena (enzym, radioisotop), ale ¢asté€]i je oznacena
druha protilatka (tzv. sekundarni Ab) proti imunoglobulinim zvifeciho druhu primarni
protilatky (klasicky je primarni protilatka mys$i MAb a sekundarni protilatka je proti mySim
lg) a detekce se provadi v pripad¢ znaceni radioisotopy fotografickou emulsi a pfi enzymovém

znaéeni barevnou nebo luminiscenéni reakci.

2.3. Imunoprecipitace

Imunoprecipitace je metoda, pri niz se pomoci specifické protilatky isoluji bilkoviny se
stejnou antigenni determinantou a po precipitaci imunokomplext se nerozpustné komplexy

antigen-protilatka disociuji pomoci SDS a proteiny se rozdé¢li pomoci SDS gelové



elektroforesy. Metoda je zvlasté vyznamnd pro analysu riznych bilkovin, které nesou

spole¢ny antigen (napf. fosfotyrosin, glykosaminoglykan atd.).

2.4. Imunoafinitni chromatografie

Imunoafinitni chromatografie je specifickym druhem afinitni chromatografie, ktera vyuziva
tvorbu nekovalentni vazby mezi antigenem a protilatkou. Tato technika je velmi G€inna p¥i
isolacich bilkovin, které jsou za patficnych podminek v jednom kroku purifikovany o tfi az
Ctyti fady. Je to metoda preparativni a pii studiu tkanového poskozeni je vyuzitelna pro
odstranéni neZzadoucich primési pii studiu specifické bilkoviny (typickym piipadem miiZe byt
isolace specifického enzymu a studium jeho enzymové kinetiky se slouceninou, ktera v surové
smesi je substratem pro celou fadu kontaminujicich enzym). Specifickou modifikaci této
metody s EIA metodou je nekovalentni navazani specifické protilatky proti Zddanému enzymu
na povrch jamky mikrotitraéni desticky a po nasledném inkubaci vzorku je pfislusny enzym
navazan na protilatku a po ,,odmyti* interferujicich latek se provede enzymaticka reakce s

imunokomplexem.

Imunochemickymi metodami se obecné zabyvaji daleko sifeji ptislu§né monografie (Goding
1986), (Harlow and Lane 1988). Konkrétni vyuziti imunochemickych metod pro detekce
nekterych typi tkanového poskozeni v riznych fazich jsou uvedeny v nasleduyjicich

odstavcich.
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3. Priklady slou€enin vyznamnych pfti detekci tkanového poskozeni.
3.1. Kyselina peroxydusité a 3-nitrotyrosin

Jak jiz bylo vySe uvedeno, v poc¢ate¢nim stadiu tkanového poskozeni hraji vyznamnou roli
volné radikaly. Ptirodné se vyskytujici volné radikaly typicky obsahuji kyslik nebo dusik.
Klasické priklady reaktivnich kyslik-obsahujicich radikali jsou * O3 (superoxidovy anion) a
* OH (hydroxylovy radikal). V ptipad¢ radikald dusiku je to *NO (oxid dusnaty). Reakce
téchto radikalii s kovy, oxidanty nebo reduktanty vytvari v burtkach dalsi velmi reaktivni

molekuly (Lander 1997).

Pfikladem interakce mezi kyslikovym a dusikovym radikalem je reakce superoxidu s oxidem
dusnatym. Vysledny produkt je ONOO (peroxydusitanovy anion). Rychlost této reakce je
velmi vysoka (6.7x109 Ms, tj. je prakticky limitovana rychlosti difuse reaktantu).
Disociaéni konstanta kyseliny peroxydusité je pK=6,8 pii 37°C, coz znamena, e za
fysiologického pH (7,4) je priblizn€ 20% kyseliny peroxydusité ve formé konjugované
kyseliny. Zatimco anion je relativné stabilni, nedisociovana kyselina peroxydusita se rychle

rozklada (resp. isomerizuje) na dusi¢nan (ti2 < 1s) (Beckman 1996).

Kyselina peroxydusité je silné oxida¢ni ¢inidlo a jako takova oxiduje mnohé aminokyseliny v
polypeptidickém fetézci. Typickym substratem pro oxidaci je thiolova skupina. Oxidace
probiha dvéma mechanismy (jedno- a dvouelektronovy), které navzajem kompetuji. V
kyselém prostiedi ptevaZuje jednoelektronova oxidace a vysledné piisobeni je velmi podobné
plsobeni hydroxylovych radikala. V alkalickém prostiedi pfevazuje dvouelektronova oxidace
(vyslednym produkiem je dusi¢nan a odpovidajici disulfid) a tento mechanismus pievazuje i

za fyziologickych podminek (Quijano, Alvarez et al. 1997; Scorza and Minetti 1998). In vivo
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uhli¢itym), bilirubinem ¢&i askorbatem (Gow, Duran et al. 1996; Minetti, Mallozzi et al. 1998)

a zda se, 7e vice je inhibovana dvouelektronova oxidace (Scorza and Minetti 1998).

Kyselina peroxydusita oxiduje i funkéni skupiny dal$ich aminokyselin (Kato, Kawakishi et al.
1997, Pollet, Martinez et al. 1998). Aromatick4d aminokyselina tyrosin je oproti tomu pfi
neutralnim pH pfevazné nitrovana a nov€ vznikly 3-nitrotyrosin je in vivo relativné stabilni
(Ischiropoulos and al-Mehdi 1995) i kdyZ rychlost nitrace tyrosinu je ovlivnéna riznymi
faktory (Gow, Duran et al. 1996; Radi, Denicola et al. 1999). Kyselina peroxydusitd oxiduje
také lipidy a deaminuje, oxiduje a $t€pi DNA (Tamir, deRojas-Walker et al. 1996; Cuzzocrea,
Caputi et al. 1998). VSechny tyto modifikace vytvareji nové funkéni skupiny v

makromolekuléch.

Chemicka modifikace metaloproteinas kyselinou peroxydusitou zvy3Suje jejich aktivitu
(Rajagopalan, Meng et al. 1996; Okamoto, Akaike et al. 1997; Owens, Milligan et al. 1997) a
naopak inaktivuje ai-antiproteinasu (Whiteman and Halliwell 1997) nebo TIMP-1 (Frears,
Zhang et al. 1996). Seznam fyziologickych u¢inkl kyseliny peroxydusité se stale rozsituje,
kyselina peroxydusitd vykazuje baktericidni vlastnosti (Zhu, Gunn et al. 1992) a obvykle
cytotoxicke iCinky, napt. inhibice syntézy proteoglykanl v kloubnich chondrocytech (Oh,

Fukuda et al. 1998).

Produkei kyseliny peroxydusité in vivo nelze diky jejimu kratkému polo€asu zméfit (Beckman
1996), ale produkt jeji reakce s tyrosinem (3-nitrotyrosin) je in vivo pomérn¢ stabilni
(Ischiropoulos and al-Mehdi 1995). Pozdgji byly nalezeny jiné dusikaté reaktivni slou¢eniny,
které tyrosin pfcménil}'/K 3;f1itrotyrosin. Proto se nyni 3-nitrotyrosin povazuje za obecny
marker reaktivnich dusikatych slou€enin. Tyrosin reaguje v kyselém prostfedi s kyselinou

dusi¢nou a dusitou (klasicka elektrofilni substituce aromati, probihajici snadno na

fenolickych sloudeninach) za vzniku 3-nitrotyrosinu, ale tato cesta ma in vivo vyznam asi jen



v zaludku (ale je kli€ova pti stanoveni vazaného 3-nitrotyrosinu po kyselé hydrolyse
bilkovin). V posledni dobé se ukazalo, ze 3-nitrotyrosin miiZe in vitro vzniknout za
pritomnosti dusitani (tj. kone¢ného produktu oxidace NO) i enzymaticky pomoci neutrofilové
myeloperoxidasy (Sampson, Ye et al. 1998) nebo eosinofilové peroxidasy (Wu, Chen et al.
1999). Proti moznému ucinku myeloperoxidasy in vivo na vznik 3-nitrotyrosinu hovofi fakt,
Ze u mysi deficientnich na myeloperoxidazu (knockout) je obsah 3-nitrotyrosinu po
ischemickém poSkozeni mozku vyssi nez u kontrolnich mysi s funkéni myeloperoxidasou
(Takizawa, Aratani et al. 2002). Je pravdépodobné, Ze naopak pisobenim myeloperoxidasy
vznikajici kyselina chlorna destruuje 3-nitrotyrosin, jak bylo prokdzano v in vitro pokusech
s nitrovanym serumalbuminem (Whiteman and Halliwell 1999). Také nékteré extrakty tkani
(slezina, plice) udajné snizuji hladinu 3-nitrotyrosinu (resp. snizi jeho rozpoznavani

protildtkami) (Kamisaki, Wada et al. 1998; Kuo, Kanadia et al. 1999).

Zvysené hladiny 3-nitrotyrosinu byly nalezeny u celé fady chorob (ptehled viz (Halliwell,
Zhao et al. 1999)) a proto jsou dilezité metody jeho stanoveni (ptehled viz (Herce-Pagliai,
Kotecha et al. 1998)). Jedna skupina metod je zaloZena na chromatografickém déleni
aminokyselin a detekci 3-nitrotyrosinu bud’ na zaklad€ absorpce UV pii 360nm (nejméné
citlivé) nebo na zakladé fluorescence po redukei na aminotyrosin nebo elektrochemické
detekci. Obdobné Ize po derivatizaci stanovit 3-nitrotyrosin plynovou chromatografii. Metody
jsou pracné, materialné a technicky naro¢né, maji malou kapacitu a navic je problematické
stanoveni vazaného 3-nitrotyrosinu, nebot’ pii hydrolyse i stopy dusitant ¢i dusi¢nanti vyrazné
nitruji tyrosin. Slibné, ale technicky a finan¢né jesté naro€néjsi, je stanoveni 3-nitrotyrosinu
pomoci hmotové spektrofotometrie (Pennathur, Jackson-Lewis et al. 1999). Pro ticely analysy
mnoha vzorki jsou tyto piili§ pracné metody nevhodné, naopak imunochemické metody,
konkrétné EIA, jsou pfimo urlené pro tyto ucely. Citlivost i pfesnost stanoveni pomoci EIA je

primarné zavisld na pouzité protilatce. P¥i ptipravé jak polyklonalnich, tak monoklondlnich
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protilatek bylo pozorovano, ze afinitni konstanta pro 3-nitrotyrosin vazany peptidickou
vazbou je o 2-3 fady vy$Si nez pro volny 3-nitrotyrosin (Crow and Ischiropoulos 1996), takze
metody s dosavadnimi protilatkami stanovuji 3-nitrotyrosin v bilkovinach. Bylo popsano
n¢kolik EIA metod, ale vSechny trpi jednim nedostatkem, jsou malo citlivé a pro stanoveni 3-
nitrotyrosinu v séru je tieba pouzivat nizka fedéni sér (cca 10x), coz vede k vysokym chybam
metod zplisobenym interferencemi ostatnich latek (napft. revmatoidni faktor, ¢i pfirozena
hladina protilatek proti 3-nitrotyrosinu atd.) a velmi rozdilnym vysledkim nalezenym
jednotlivymi autory (Herce-Pagliai, Kotecha et al. 1998; Khan, Brennand et al. 1998; Tanaka,

Choe et al. 1998; ter Steege, Koster-Kamphuis et al. 1998) .

3.2. COMP (Trombospondin-5)

Glykoprotein COMP (cartilage oligomeric matrix protein) byl objeven v chrupavce. Je slozen
z péti podjednotek (Morgelin, Heinegard et al. 1992),0obsahujicich vazebna mista pro kolagen
[, IT aIX (Rosenberg, Olsson et al. 1998) a pro vapnik (Oldberg, Antonsson et al. 1992).V
oblasti oligomerizujici N-koncové domény mize COMP vazat hydrofobni hormony (Guo,
Bozic et al. 1998). COMP patii do rodiny trombospondinii a je proto n€kdy oznacovan jako
trombospondin-5 (Newton, Weremowicz et al. 1994). Jeho vyznam pro normalni vyvoj a
funkei chrupavky potvrzuje fakt, ze mutace genu pro COMP jsou pti€¢inou dvou popsanych
chondrodysplasii (Briggs, Hoffman et al. 1995). Dlouhou dobu se vétilo, ze COMP je
specificka bilkovina chrupavky,ale pozdé&ji byl objeven i ve §lachach (DiCesare, Hauser et al.
1994) a v synovialni tkani (Hummel, Neidhart et al. 1998), a recentné byl detekovan v hladké
svaloviné cév (Riessen, Fenchel et al. 2001). Nicméné pii porovnani viech uvedenych tkani je
jeho relativni obsah v chrupavce nejvyssi a proto je stale povazovan za jeden ze slibnych
"markert" poSkozeni chrupavky, ktery je mozné stanovit v t€lnich tekutinach (Garnero,

Rousseau et al. 2000).
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4. Patofyziologicke stavy
Vyse uvedené slouceniny (3-nitrotyrosin, COMP) byly pouzity k studiu nasledujicich stavil.
4.1. Poskozeni plic hypoxii

Valna vétsSina plicnich onemocnéni souvisi se zanétlivymi procesy. Pfi zanétlivych procesech
jsou generovana velka mnozstvi reaktivnich kyslikovych a dusikovych slou¢enin a neni proto
pochodiim velmi podobnym jako jsou b&hem zanétlivého procesu. V pocatecni fazi jsou
produkovana velka mnozstvi volnych kyslikovych a dusikovych radikald a nasledné jejich
reaktivnich slou¢enin, které zptsobi primarni poskozeni tkan€. Prikladem je produkce velkého
mnozstvi superoxidu a oxidu dusnatého, coz vede k vzniku kyseliny peroxydusité, ktera se
pravdépodobné vyznamné podili na poskozeni tkan€. Jeji produkci je mozno sledovat pomoci
jejiho markeru - 3-nitrotyrosinu.V dalsi fazi jsou aktivovany riizn€ proteolytické enzymy a
posléze dochazi k odbouravani extracelularni matrix. Novotna a Herget (Novotna and Herget
1998) prokazali vznik §tépu kolagenu I za téchto podminek. Nakonec dochéazi k remodelaci

tkané, ktera vede plicni hypertensi (Hampl and Herget 2000).

4.2. Radikalové poskozeni a starnuti rostlin.

Starnuti listd je kone¢na faze jeho vyvoje, v kterém bunky listu podléhaji programované
bunééné smrti (Nooden 1988). Cely proces je fizen specifickymi senescenénimi geny, které
jsou regulovany hormony (Thomas, Ougham et al. 2003), ale také volnymi radikaly.
Kyslikové volné radikaly zptsobuji ztratu fysiologickych funkci béhem starnuti. Oxid dusnaty
hraje vyznamnou roli béhem riistu, vyvoje a starnuti a je spojen s regulaci rostlinnymi
hormony ethylenem (L.eshem and Haramaty 1996), abscisovou kyselinou (Desikan, Griffiths

et al. 2002) a cytokininy (Tun, Holk et al. 2001). Jelikoz je v rostlinach ptitomny jak oxid
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dusnaty, tak superoxid, musi nutn€ vznikat i kyselina peroxydusita. Produkei kyseliny
peroxydusité b€hem starnuti je opét mozné sledovat dle jejiho stabilniho markeru 3-

nitrotyrosinu imunochemickymi metodami.

4.3. Radikalové poskozeni a starnuti kvasinek

[ jednobunééné organismy jako kvasinky starnou obdobnymi mechanismy jako vyssi
organismy (zvlasté za podminek kultivace bunek Metazoi in vitro) — tj. je omezen pocet
mitotickych déleni, kterymi buiika mize projit. Starnuti kvasinek je dobie popsano jak
morfologicky, tak biochemicky a tento model starnuti je vyhodny jak z hlediska rychlosti
rustu a kratké délky Zivota, tak z hlediska pomérné€ snadné manipulace s jejich genetickym
materidlem. Radikalova teorie starnuti (Harman 1956) vyhovuje i tomuto modelu a bylo
popsano snizeni délky Zivota za podminek zvy$eného mnozstvi volnych radikala (Laun,
Pichova et al. 2001). Dosud se uvazovalo pouze o reaktivnich kyslikovych radikélech, ale lze
opravnén¢ predpokladat, Ze na radikalovém poskozeni kvasinek, které je spojeno se starnutim,
maji vliv i reaktivni dusikaté slouceniny, ale az do nasi studie nebyl dikaz ucasti reaktivnich
slouéenin dusiku v kvasinkach nalezen. Jelikoz stabilnim produktem pusobeni téchto
sloucenin na bilkoviny je 3-nitrotyrosin, nabizela se moznost zjistit ptitomnost reaktivnich
slou¢enin dusiku a jejich relativni mnozstvi pomoci imunochemické detekce 3-nitrotyrosinu

v kvasinkovych proteinech béhem starnuti.

4.4. Degradace kloubni chrupavky

Kloubni chrupavka je jednoducha avaskularni tkan s jedinnym typem bunek (chondrocyty) a
prevahou extraceluldrni matrix. Majoritnimi slozkami extracelularni matrix hyalinni

chrupavky jsou kolagen typu Il a proteoglykan agrekan; krome nich zde nalezneme n€kolik
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tzv. minoritnich kolagent, nékolik dalsich proteoglykanti a fadu tzv. nekolagennich bilkovin a

glykoproteinti - jednim z nich je 1 COMP, ktery tvoif asi 1% suché vahy kloubni chrupavky.

Destrukce kloubni chrupavky je hlavnim spole€nym rysem artréz a artritid. Osteoartréza (OA)
je invalidizujici onemocnéni, bézné ve vyssim véku (ve vékové skupiné nad 75 let je
incidence OA zhruba 85%); degradace a postupna ztrata kloubni chrupavky je povazovana za
klic¢ovy rys jejiho rozvoje. Revmatoidni artritida (RA) je chronické zanétlivé autoimunitni

onemocnéni, pro které je typicka extensivni erosivni destrukce kloubni chrupavky.

Nejrozsifendjsi metodou pouzivanou k posouzeni destrukce a ztraty kloubni chrupavky je
mérent Sitky kloubni §térbiny na roentgenovych snimcich; takto detekovatelna destrukce je ale
nutné uz znaéné pokrocila a jako takova je povaZovana za ireversibilni. S cilem piekonat tuto
nevyhodu se fada laboratoti ve svét€ zabyva vyvojem tzv biochemickych markert destrukce
chrupavky, tj molekul pfitomnych ve chrupavce a uvolnovanych do télnich tekutin pii jeji
degradaci. Celosvétové jsou do tohoto vyzkumu vklddany zna¢né intelektudlni i finanéni
prostfedky, v oéekavani Ze biomarkery pomohou pii ¢asné diagnéze OA (dfive nez jsou
zmé&ny viditelné na roentgenovych snimcich), pri identifikaci pacientd s vysokym rizikem
progrese onemocnéni, pti monitorovani terapie, pii vybéru pacientd do klinickych pokustu
(testovani novych 1é¢iv), a podobné€. U revmatoidni arthritidy jakoZto zanétu lze navic
detekovat pribéh poéatecni faze zanétu (tvorba volnych radikald a kyseliny peroxydusité)
pomoci sledovani hladiny 3-nitrotyrosinu a indukci proteolytickych enzymul pomoci sledovani
matrixint v synovialni tekutiné. Vhodnymi sérovymi markery poskozeni chrupavky jsou pak

az vySe uvedené degradaéni produkty hyalinni chrupavky.
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CILE PRACE
K studiu tkanoveho poskozeni byly vybrany dva markery, které jsou charakteristické pro prvni
respektive teti fazi tkanového poskozeni. Jako marker poc¢ateéniho poskozeni tkang

reaktivnimi slou€eninami dusiku byl vybran 3-nitrotyrosin a jako marker tfeti faze tkanového

poskozeni chrupavky COMP (trombospondin-5).

V dob¢ vyvoje metody pro stanoveni 3-nitrotyrosinu byla sice na trhu monoklonalni
protilatka, ale citlivost imunoeseji s touto protilatkou byla ptili§ nizka, takze ji nebylo mozno
vyuzit k studiu rozvoje tkanového poskozeni. Bylo tedy nutné nejprve pripravit monoklonalni
protilatku s vy$si afinitou a poté vyvinout citlivou a jednoduchou metodu, kterou by bylo
mozno stanovit 3-nitrotyrosin v dostate¢né fedénych sérech (alespon 40x) a v tkanovych

extraktech pii koncentracich bilkovin pod 1mg/ml.

Jako prvni z imunochemickych markeri degradace kloubni chrupavky, detekovatelném v
télnich tekutinach, byl testovan keratansulfat. Casem bylo ale zji$téno, Ze keratansulfat neni
optimalni marker, protoze miZe byt pii riznych fyziologickych stavech rizné modifikovan
(napr. sulfatovan), ale monoklonalni protilatky jsou vzdy proti jedinému epitopu (napft.
specificky sulfatovanému disacharidu). Jako dalsi slibny marker byl vytipovan COMP,
protoZe bezprostiedné po jeho objevu se predpokladalo, Ze je absolutné specificky pro
chrupavku. Pouze jedina laboratot ve svété disponovala v tomto po¢atecnim stadiu
polyklonalnimi protilatkami . Nasim cilem tedy bylo pfipravit soubor monoklonalnich
protilatek proti riznym epitopim COMP, z nich vybrat ty nejperspektivnéj$i a vyvinout
inhibi¢ni a eventuelné sendvi¢ovou ELISA, kterou by bylo mozno méfit hladinu COMP

v télnich tekutinach za riznych fyziologickych a patologickych stavii.
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VYSLEDKY

Prvnim studovanym markerem tkanového poskozeni je 3-nitrotyrosin, ktery je stabilnim
produktem pusobeni kyseliny peroxydusité na tyrosin. Po vypracovani zakladni metodiky na
stanoveni 3-nitrotyrosinu inhibi¢ni enzymoimunoeseji byl studovan vliv ¢tyfdenni hypoxie
(10% O») na produkei kyseliny peroxydusité, resp. jejitho markeru — 3-nitrotyrosinu — v séru
laboratornich potkant (PFiloha 1). Ukazalo se, Ze hladina 3-nitrotyrosinu je u potkani

v hypoxii vyznamné zvysena. Je ziejmé, ze za hypoxie zvysend produkce kyslikovych a
dusikovych radikalt vede k vyssi produkei kyseliny peroxydusité, ktera se mize vyznamné

podilet na neZadoucich modifikacich makromolekul v ranych fazich tkanového poskozeni.

ZvySena hladina 3-nitrotyrosinu byla naméfena v sérech déti s rozvinutou bronchopulmonarni
dysplasii a jeho hladina korelovala s obsahem vdechovaného kysliku (Banks, Ischiropoulos et
al. 1998), ale protoZe patogenese bronchopulmonarni dysplasie neni zatim pln¢ znamo, nebylo
mozné rozhodnout, zda zvySeny obsah vdechovaného kysliku je pfi¢inou zvySené koncentrace
3-nitrotyrosinu v séru. Proto byl v dal$i fazi studovan vliv hyperoxie a experimentalni
pneumonie vyvolané carrageenanem na mnozstvi 3-nitrotyrosinu v plicni tkani laboratornich
potkanti (PFiloha 2). U dvou experimentalnich skupin byla vyvolana pneumonie
intratrachealni aplikaci carrageenanu a jedna z nich vystavena po dobu 7 dnt hyperoxii
(80%02) a druh4 byla chovana za normoxickych podminek (21%03). Z dvou kontrolnich
skupin byla jedna opét vystavena hyperoxii a druhd normoxii. Obsah 3-nitrotyrosinu v plicni
tkani byl signifikantné zvySen za normoxickych podminek u zvitat s experimentalni
pneumonii (carrageenan_147+7 pmol/mg proteinu, kontrola 90+10 14747 pmol/mg proteinu).
V séru tychz zvifat byla obdobné zvySena hladina dusi¢nant+dusitant, ale nikoliv 3-
nitrotyrosinu. Hyperoxie nema vliv na koncentraci 3-nitrotyrosinu v plicni tkani kontrolnich
zdravych zvitat, ale u zvifat s experimentalni pneumonii blokuje jak vzrist 3-nitrotyrosinu

v plicni tkéani, tak dusitanii a dusi¢nant v séru a signifikantné snizi koncentraci 3-nitrotyrosinu
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v séru. Davodem, pro¢ hyperoxie zdanlivé blokuje nitraci tyrosinu, je pravdépodobné

’

zvy$en¢ odbouravani jiz vzniklého 3-nitrotyrosinu.

Respiracni vzplanuti, spojené s vysokou produkci kyslikovych a dusikovych radikalq, je
typickym jevem béhem fagocytosy makrofagh. Nadprodukcee jak superoxidu, tak oxidu
dusnatého, vede ke zvySené produkci kyseliny peroxydusité a nasledné i k zvySené nitraci
tyrosinu. Erytrocyty jsou po uplynuti své délky Zivota odstranovany z krevniho ob&hu
retikuloendothelidlnim systémem, ale zdanlivé paradoxné se zd4, ze bé¢hem jejich
fagocytovani makrofagy k oxidacnimu vzplanuti nedochazi. V nasi studii jsme vyuzili

k studiu tohoto jevu myS$i makrofagové linie RAW 264.7 a membrany lidskych erytrocyti jak
intaktnich, tak po 24 hodinové peroxidaci (P¥iloha 3). Vysledky ukazaly, ze
erythrofagocytosa jak kontrolnich, tak peroxidovanych membran neméni hladinu 3-

nitrotyrosinu v makrofazich. Zd4 se, Ze membrany erytrocytt i¢inné inhibuji produkci

/

N IS

reaktivnich kyslikovych 1 dusikovych radikalt 4 inhibice synthesy a jev neni zapfi¢inén

obsahem erytrocytu, jak se diive pf“edpokléda'l-o. (Commins, Goodger et al. 1990).

Dalsi studie byla zaméfena na sledovani vlivu hladiny cytokinint na produkci ethylenu a
oxidu dusnatého u transgennich rostlin tabaku s geneticky zvySenou ¢i snizenou hladinou
cytokininti b&hem vyvoje listu a jeho starnuti (PFiloha 4). Soucasné byla i sledovana
koncentrace 3-nitrotyrosinu v buné¢énych bilkovinach, jak rozpustnych tak 1 nerozpustnych,
jako indikétor reaktivnich dusikovych sloucenin. Byl potvrzen jiz dfive publikovany fakt, Ze
ve starnoucich listech je produkce NO snizend. Ukdazalo se, Ze koncentrace 3-nitrotyrosinu je
lepSim indikatorem reaktivnich dusikovych slou€enin nez méteni mnozstvi NO. Vyssi hladiny
3-nitrotyrosinu byly naméteny v nerozpustnych proteinech, coz naznacuje, Ze membranové
bilkoviny jsou primarnim cilem reaktivnich dusikovych slouc¢enin. Rostliny se zvySenou

hladinou cytokinint vykazovaly niZsi koncentraci 3-nitrotyrosinu jak v rozpustné, tak
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nerozpustné frakci bilkovin. To ukazuje na protektivni u¢inek cytokininl proti reaktivnim

dusikovym slouceninam.

Obdobné jako v predchozi praci byl studovan vliv reaktivnich kyslikovych a dusikovych
slouéenin béhem starnuti kvasinek Sacharomyces cerevisiae (Priloha 5). Byla porovnavana
linie divokého typu s mutantni linii, ktera méla konstitutivné aktivni Ras onkogen, ktery je
odpovédny za zvysenou produkci volnych radikalii. Zvysena produkce kyslikovych volnych
radikalt vedla k akumulaci lipofuscin-like pigment béhem starnuti Ras mutantnich kvasinek,
zatimco divoky typ viibec tyto pigmenty neobsahoval, coz je ojedinélé mezi znamymi
biologickymi modely. Pfi€inou miZe byt zvySena koncentrace lipofilniho antioxidantu -
tokoferolu. Oproti tomu Ras mutantni linie méla koncentraci a-tokoferolu snizenou dokonce i
v mladych buiikéach. Sledovani 3-nitrotyrosinu jakozto markeru reaktivnich dusikovych
sloucenin ukazalo, Ze jeho koncentrace v rozpustnych bilkovinach je signifikantné zvySena

v senescentnich Ras mutantnich kvasinkach jak oproti mladym mutantnim burikdm, tak proti

koncentraci 3-nitrotyrosinu v senescentnich kvasinkach divokého typu.

Dalsi soubor praci se zabyval detekei poSkozeni kloubni chrupavky a jako marker byl vybran
COMP. Pocatetni studie (Priloha 6) se zabyvala pfipravou monoklonalnich protilatek proti
COMP a jejich charakterizaci. Prokazali jsme omoci SDS-elektroforesy a imunoblotl se Stépy
COMP pfipravenymi trypsinovou digesci, Ze kazda z tfi vybranych monoklonalnich protilatek
reaguje s jinou ¢asti molekuly. Pomoci imunobloti jsme rovnéz prokazali, Ze protilatky
rozeznavaji rizné fragmenty COMP nachazejici se v lidské synovialni tekutin€. Vyvinuli
jsme dvé nezavislé inhibiéni EIA se dvéma z téchto protilatek a zjistili jsme, Ze koncentrace
antigenniho COMP je v lidské synovialni tekuting o dva fady vysSi nez v séru a Ze
koncentrace COMP v synovialni tekutin€ pacientl s osteoarthrosou jsou signifikantné vyssi

nez u pacientl s revmatoidni arthritidou.
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Takto vyvinuta inhibiéni EIA s jednou z ptipravenych monoklonalnich protilatek (17-C10)
byla vyuzita v klinické studii, ktera sledovala hladinu COMP v sérech pacientt

s osteoarthrosou kolenniho kloubu (Priloha 7). Koncentrace COMP v séru korelovala

s vékem, synovitidou a kombinaci synovitidy a miry osteoarthrotického poskozeni. Synovitida

se ukazala jako nejvyznamnéj$i faktor zvySujici hladinuCOMP.

V dalsi studii byly mapovany epitopy COMP na které se vazZi tfi vybrané monoklonalni
protilatky (PFiloha 8). Tryptické fragmenty COMP byly rozdéleny pomoci SDS-PAGE a
pomoci imunoblotovani byly ur€eny fragmenty specificky rozpoznavané vzdy vyhradné
jedinou z protilatek. U téchto specifickych fragmentt byla pomoci Edmanova odbouravani
uréena N-koncova sekvence aminokyselin. Porovnanim se znamou primarni strukturou
COMP bylo prokazano, Ze kazda z testovanych protilatek se vaZe na jinou doménu v jeho
podjednotce (N-terminalni doména, oblast EGF-like a C-terminalni
oblast).Pomoci kompetetivni EIA bylo dale prokazano, Zze mezi t€mito protildtkami neexistuje
stéricka kompetetice. Bylo tudiZ moZno vyvinout sendvi¢ovou imunoesej. Ur€ili jsme
zakladni parametry metody (inter- a intra-esej variabilita) a porovnali ji s dfive publikovanou
inhibi¢ni EIA. Sendvi¢ovou metodou byly poté stanoveny zakladni udaje tykajici se hladiny
COMP u lidi (zdravych i revmaticky nemocnych, v séru i synovialni tekutiné, kolisani hodnot
ze dne na den a cirkadidlni variabilita). Vysledky prokdzaly, ze vyvinuta sendvi¢ova EIA je
citlivd a vysoce reprodukovatelna metoda vhodna pro stanoveni COMP v lidském séru a

synovidlni tekuting.
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DISKUZE

Tématem disertace je vyuziti imunochemickych metod pro studium tkariového poskozeni.
Zékladnim kamenem kazdé imunochemické metody je specificka protilatka proti studované
substanci. V souboru praci predlozenych ve vysledcich byly vzdy pouzity nase vlastni
monoklondlni protilatky pfipravené popsanymi postupy (Goding 1986) (Karsten, Stolley et al.
1993; Neil and Zimmermann 1993). V piipadé 3-nitrotyrosinu se jedna o nizkomolekularni
slouceninu (hapten) a bylo tedy tieba pripravit MAb proti jedinému epitopu s témi nejlepSimi
moznymi vlastnostmi (z hlediska afinity a specifity), u COMP(trombospondinu-5) se naopak
jednd o makromolekulu s mnoha epitopy a bylo tudiz mozno pripravit cely soubor MADb proti

riaznym ¢astem polypeptidického fetézce.

Stanoveni 3-nitrotyrosinu

Stanoveni 3-nitrotyrosinu je v principu mozné tiemi rdznymi typy metod — optickymi

(spektrofotometrie a fluorimetrie), chromatografickymi a imunochemickymi.

Stanoveni 3-nitrotyrosinu na zakladé rozdilu absorbance pii 430nm v kyselém a alkalickém
prostiedi je velmi jednoduché, ale vhodné pouze pro stanoveni €istého 3-nitrotyrosinu,
protoze citlivost je nizka (g= 4400 M pii pH>9,5, tj. okolo 1uM) a navic interferuji latky
hemové podstaty. Citlivé fluorimetrické stanoveni 3-nitrotyrosinu po jeho redukci na 3-
aminotyrosin nelze téZ pro biologické vzorky pouzit, protoze pomémé drasticka redukce
nitro-skupiny 3-nitrotyrosinu zptusobuje denaturaci bilkovin a fluorescenéni spektrum
tryptofanu ptitomného v proteinech ma obdobné spektralni charakteristiky. Obé metody jsou
proto vhodné pouze pro stanoveni ¢istého 3-nitrotyrosinu nebo ¢isté bilkoviny s 3-

nitrotyrosinem.
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Druha skupina metod je zalozena na chromatografické isolaci 3-nitrotyrosinu ze smési
ostatnich latek. Pokud je stanovovan 3-nitrotyrosin v bilkovindch, je nutné nejprve provést
hydrolysu bilkoviny (bud’ kyselinou nebo enzymaticky). 3-nitrotyrosin je mozné separovat ze
smgsi bud’ pomoci kapalinové chromatografie (HPLC) nebo po jeho derivatizaci plynovou
chromatografii . Vyhodou vsech chromatografickych metod je citlivost stanoveni, ktera je
navic stejna pro volny 1 vazany 3-nitrotyrosin (nezavisle na jeho lokalizaci v polypeptidickém
fetézci) a proto je stanoveni 3-nitrotyrosinu timto zptisobem brano jako ,,zlaty standard*.
Hlavni nevyhodou je jednak slozita piiprava vzorku (v€etn€¢ moznych artefakt piri hydrolyse
bilkovin) a také jak asova , tak finanéni naro¢nost vlastniho stanoveni (cena pfistrojl i cena

vlastniho stanovenf). Proto jsou tyto metody vyuZivany hlavne pro vyzkumné ucely.

7 imunochemickych metod jsou pro stanoveni 3-nitrotyrosinu vyuzivany imunoeseje a
nejcastéji EIA a parametry stanoveni (citlivost, selektivita) jsou dany hlavné pouzitou
protilatkou proti 3-nitrotyrosinu. Do soucasné doby popsané protilatky proti 3-nitrotyrosinu
maji vyrazné vyssi citlivost (pfiblizné 100x) vici 3-nitrotyrosinu vazanému v proteinech
protilatky (imunizace je provadéna nosi¢em (BSA nebo KLH) s nitrovanym tyrosinem ve
vlastnim polypeptidickém tetézci). Také naSe protilatka NO-60-E3 se vykazovala citlivost o
dva fady vy$si k vdzanému 3-nitrotyrosinu oproti volnému. Proto 1 nami vyvinutd EIA je
pouzitelna pouze pro stanoveni 3-nitrotyrosinu vazaného v bilkovinach. Nami popsané
stanoveni se nevymyka vySe uvedenym omezenim, ale oproti dfive popsanym metoddm
vyuziva protilatku s vyssi afinitou k 3-nitrotyrosinu a proto je citlivéjsi nez diive popsané
metody (Herce-Pagliai, Kotecha et al. 1998; Khan, Brennand et al. 1998; Tanaka, Choe et al.
1998, ter Steege, Koster-Kamphuis et al. 1998). Fakt, Ze afinita vici protilatek proti 3-
nitrotyrosinu je rizna pro jednotlivé nitrované tyrosinove¢ zbytky, nevadi, protoZe mira nitrace

tyrosinil v bilkoving je téz rizna a kyselinou peroxydusitou (a pravdépodobné i jinymi



reaktivnimi slouceninami dusiku) jsou vice nitrovény tyrosinové zbytky na povrchu

makromolekuly v hydrofiln€jsich ¢astech polypeptidického fetézce.

Stanoveni COMP

Mnozstvi bilkoviny 1ze nékdy zjistit na zadkladé jejich funkénich vlastnosti (napt. enzymy ¢i
hormony), ale obecné vyuZzitelnymi metodami stanoveni bilkovin jsou imunoeseje. Mame-li k
disposici jedinou protildtku proti dané antigenni determinanté, ptipada v ivahu néjaka
varianta kompetetivni imunoeseje, pokud disponujeme protilatkami proti dvéma raznym
epitopiim vysokomolekularniho antigenu, je mozné vyvinout i sendvi¢ovou imunoesej, ktera
je obecné citlivéjsi a vice specificka. Do pfipravy naSich monoklonalnich protilatek (17-C10,
16-F12 a 12-C4) byl COMP stanovovan EIA s polyklonalnimi protilatkami (Saxne and
Heinegard 1992; Saxne and Heinegard 1995); vyuZiti monoklondlnich protilatek umoznilo

podle ocekavani zvysit citlivost, selektivitu a reprodukovatelnost stanoveni.

3-nitrotyrosin v télnich tekutindch a tkanovych extraktech

Pti stanovenich hladin 3-nitrotyrosinu v sérech experimentalnich zvirat, v extraktech krysich
plic, listt rostlin ¢i kvasinek byl pocate¢nim problémem standard. Pokud jsme pouzivali jako
standard in vitro nitrovany BSA, jehoZ obsah 3-nitrotyrosinu jsme urcili spektrofotometricky,
zavisely absolutni naméfené hodnoty na tom, do jaké miry byly tyrosinové zbytky v BSA
nitrovany. Vysoce nitrovany BSA (25-50% tyrosinovych zbytkl nitrovano) vykazoval
podstatné niz§i koncentraci 3-nitrotyrosinu (urcenou spektrofotometricky) pottebnou pro 50%
vazbu s protildtkou nez BSA s jednim ¢i dvéma 3-nitrotyrosinovymi zbytky v molekule. Je

znamo, Ze lokalizace 3-nitrotyrosinu v makromolekule ovliviiuje vyrazné schopnost vazby
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protilatky , ktera zalezi na tom, zda se modifikovany tyrosin nachazi na povrchu molekuly, ¢i
je ,.zanoten™ uvnitt (a nedostupny pro protilatku) (Ischiropoulos 2003). Vlastni statistické
hodnoceni miry nitrace proteind, tj. napt. fakt, ze za 4 denni hypoxie je signifikantné zvysena
hladina 3-nitrotyrosinu v séru krys atd. neni touto skute¢nosti ovlivnéno, protoze série pokust
v kazdé z predlozenych praci byla vzdy provadéna se stejné nitrovanym standardem. Pozdé&ji
byl jako standard pouzivan syntheticky peptid Asp-Ser-Gly-NTyr-Gly-Leu—Glu (PFiloha 4,

Priloha 5).

Vaznym problémem pro validitu stanoveni 3-nitrotyrosinu jako markeru mnozstvi
produkovanych reaktivnich slou¢enin dusiku se zdaly prace, které popisovaly denitraci 3-
nitrotyrosinu. Gow a spol. (Gow, Duran et al. 1996) tvrdi, Ze objevili v lidské plazmé
neznamy faktor, ktery je schopen ,,denitrovat® nitrotyrosin neproteolytickym mechanizmem.
Inkubaci Cerstvé plazmy a nitrovaného hovéziho serumalbuminu se v zavislosti na Case,
teploté a koncentraci plazmy 3-nitrotyrosin ztracel. Bylo popséano, ze kyselina peroxydusita
tento faktor inaktivuje - plazma, ktera nejprve reagovala s kyselinou peroxydusitou,
schopnost ,.denitrace” neméla. Muradova skupina (Kamisaki, Wada et al. 1998) popsala
ztratu epitopu rozpoznavaného monoklonalnimi protilatkami proti 3-nitrotyrosinu na
imunoblotech nitrovan¢ho hovéziho albuminu po jeho inkubaci se supernatanty z homogenatt
krysich slezin a plic. Faktor, odpovédny za odbouravani 3-nitrotyrosinu byl citlivy k trypsinu,
vétsi nez 10kDa, labilni pfi vySsi teplot€ a vykazoval ur€itou substratovou specificitu, protoze
volny 3-nitrotyrosin ani nitrované proteiny vazbu protilatky nesnizovaly. Po
intraperitonealnim podani lipopolysacharidu aktivita faktoru 2-3x vzrostla, coz naznacuje, ze
aktivita je regulovatelna nebo inducibilni. Pfi pouziti homogenatt jater nebo ledvin se
podobnd aktivita neprojevila, coz by svéd¢ilo pro ur¢itou organovou specificitu. V dalsi praci
autofi porovnavali reakce plic, sleziny a jater po intraperitonealnim podani lipopolysacharidu

a zjistili v plicich tézké tkanové poskozeni, vyraznou aktivaci iNOS a myeloperoxidasy a

30



infiltraci zanétlivymi bunkami (PMN, makrofagy) (Bian and Murad 2001). Hladina 3-
nitrotyrosinu byla pfitom niz§i nez v jatrech. Naopak v jatrech i ve slezin€ bylo poskozeni
tkané€ mensi, ale nitrovanych proteint vice. I u kontrolnich krys bez lipopolysacharidu bylo v
jatrech a ve slezing (s vyjimkou bilé pulpy sleziny) vice 3-nitrotyrosinu. Neenzymaticka
redukce 3-nitrotyrosinu na aminotyrosin byla popsana stejnou skupinou (Balabanli, Kamisaki
etal. 1999).a je zavisla na hemu a thiolovych skupinach. Thiolové skupiny mohou byt
nahrazeny 1 jinymi redukénimi agens (kyselina askorbova) a hemova skupina miZe pochazet

z raznych hemoproteind, nejen z hemoglobinu.

Domnivam se, Ze¢ vy$e uvedené nalezy lze 1épe a jednoduseji vysvétlit pomoci pracovni
hypotézy postulujici, Ze béhem ptipravy a skladovani vzorku dochazi k zmé&nam konformace
nitrované bilkoviny a k interakcim riiznych proteini mezi sebou navzajem. Timto se drive
protilatce pristupné nitrotyrosinové zbytky se zanofi dovnitt molekuly proteinu ¢i ,,zakryji
jinou molekulou a jsou nedostupné. Také dojde k zm&nadm naboje v okoli nitrotyrosinového
zbytku a to muze silné ovlivnit vazbu protilatky na 3-nitrotyrosin, stejn€ jako modifikace

aminokyseliny v okoli 3-nitrotyrosinu. Nasledujici fakta svéd¢i pro tuto hypotézu

a) Gow a spol. (Gow, Duran et al. 1996) popsali, Zze inkubaci plasmy s nitrovanym BSA se
epitop 3-nitrotyrosinu ztraci a mnozstvi detekovaného 3-nitrotyrosinu polyklonalni
protilatkou pomoci dot-bloth vice klesa se stoupajici teplotou a mnozstvim pridané
plasmy. MnoZstvi 3-nitrotyrosinu uréené pomoci aminokyselinové analysy bylo také nizsi
u vzorku nitrovaného BSA po inkubaci s plasmou. Prace obsahuje mnoho metodickych
nejasnosti a nepiesnosti (napf. (1) rizné podminky inkubace vzorki na dot bloty a na
aminokyselinovou analysu, (ii) pti vy$$im obsahu plasmy ve vzorku se evidentné nebude
¢ast nitrovaného BSA na nitrocelulosu vazat a to je divod snizenych hodnot (iii) neni

jasné, jakym zplisobem odstranili plasmu anebo isolovali albumin ze smési pred
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hydrolysou na aminokyselinovou analysu atd.) a proto z uvedené préace nelze vyvodit Zadny
Zaver

b) Muradovou skupinou popsané ,,denitrasa™ je artefakt. Probihajici mizeni nitrotyrosinového
epitopu je zplsobeno (i) neezymatickou redukei merkaptoethanolem ¢i DTT za katalysy
hemem (slezinné extrakty jsou na n€ obzvlast¢ bohaté) pii pripravé vzorki na SDS-
polyakrylamidovou elektroforesu a blotovani (Balabanli, Kamisaki et al. 1999), (ii)
aktivaci myeloperoxidasy beéhem zan&tu dochazi k zvysené produkei kyseliny chlorné; ta
destruuje 3-nitrotyrosin (Whiteman and Halliwell 1999), takze k ¢astecné destrukci 3-

¢) vazbu protilatky ovliviiuji aminokyseliny v okoli 3-nitrotyrosinu a také lokalizace 3-
nitrotyrosinu, tj. zda je na povrchu molekuly, ¢i je ,,zanofen uvnitf a nedostupny pro
protilatku (Ischiropoulos 2003).

d) rozptyl stanoveni 3-nitrotyrosinu v sérech experimentalnich zvitat je pomérn¢ maly, rozptyl
stanoveni v lidském séru je vyrazné vyssi. Séra a extrakty tkani experimentalnich zvirat
jsou piipravena identickym zptsobem a identicky skladovana, protoze jsme prokézali, 7e
zpusob odbéru ma vliv na naméfené hodnoty 3-nitrotyrosinu; stresovana zvirata (odebirana
kardialni punkci) méla koeficient variace(%CV) o 50% vyS$si nez standartné odebirana
zvitata. Také zplsob piipravy séra mize ovlivnit naméfené hodnoty (Herget a Vytasek,
nepublikované vysledky). Koeficient variace stanoveni 3-nitrotyrosinu byl v krysich serech
okolo 15% (Priloha 2), ale identickou metodikou v stejném Case byl koeficient variace
stanoveni 3-nitrotyrosinu v lidském séru (pomérn¢ standartné pripraveném) z pupeénikové
krve novorozencti 25% a dale se zvySoval v sérech z krve odebirané v prvnich dnech

Zivota ditéte (Fisarkova 2005).
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e) S vyse uvedenym poznatkem koreluje i fakt, Ze identick4 lidska séra skladovana po riizné
dlouhou dobu vykazuji riznou koncentraci 3-nitrotyrosinu pii stanoveni pomoci EIA
(Vilim, osobni sdéleni)

f) Byly pripraveny Ctyfi rizné peptidy, které obsahovaly uvnitt fet€zce nitrotyrosinovy zbytek
s nimi provedena kompetetivni EIA a spoc¢itany pomoci Rodbardovy ¢tyfparametrové
rovnice koncentrace peptidu inhihujici z 50% (Rodbard and McClean 1977). Zatimco
potiebna koncentrace u peptidu s kyselymi aminokyselinami (Asp-Ser-Gly-NTyr-Gly-Leu—
Glu) byla 0,54uM, u peptidu s neutralni (Ala-Ala-Ala-NTyr-Ala-Ala-Ala) resp.
aromatickou (Phe-Val-Gly-NTyr-Gly-Ala-Leu) AA byla 2,72uM resp. 3,48uM a u peptidu
s bazickymi aminokyselinami (Arg-Asn-Giy-NTyr-Gly-Ala-Lys) dokonce 7,53uM

(Vytasek a Vilim nepublikované vysledky)

V soucdasné podobé je nase EIA pro stanoveni 3-nitrotyrosinu (PFiloha 3) s vyuZitim jako
standardu synthetického peptidu s 3-nitrotyrosinem plné¢ vhodnd pro stanoveni 3-nitrotyrosinu
v ruznych biologickych materidlech ptipravenych standardnim zptiisobem a validita metody
byla ové€fena stanovenimi 3-nitrotyrosinu jak v sérech a tkanich experimentalnich zvirat, tak
v listech rostlin a extraktech z kvasinek. Zvyseni citlivosti této EIA metody je mozné
nahrazenim barevné peroxidasové reakce reakci chemiluminiscencni reakei peroxidasy, coz

zvysilo citlivost asi 10x (Vilim a VytaSek, nepublikované vysledky).

V budoucnosti by vlastni metoda mohla byt vylepsena konstrukci hybridomu produkujiciho
protilatku, kterda by méla stejnou nebo vy3si afinitni konstantu jako sou¢asna NO-60-E3, ale
vézala by se stejn€ dobfe na volny jako vazany 3-nitrotyrosin. Také v ptiprave vzorki pro EIA
by bylo mozné zlep§it pfipravu vzorki tak, aby mozné agregace proteini ¢i zmény jejich
konformace nemély vliv na rozpoznavani nitrotyrosinového epitopu protilatkou. Tak by bylo
mozné sledovat citlivéji poskozeni bilkovin reaktivnich slou¢enin dusiku v Zivych

organismech.

33



COMP v séru a synovialni tekuting.

Diskuse vlastnich vysledk, tykajicich se vlastnosti monoklonélnich protilatek, EIA
(inhibibi¢ni 1 sendvicove) i méteni hladiny COMP v lidském séru a synovialni tekutiné za
ruznych fyziologickych a patologickych stavi, jsou uvedeny v p¥ilohach 6,7,8. Dle WEB
Science byly do konce r. 2005 ostatnimi autory tyto praci citovany 12x, 9x a 6x ;
vyCerpavajici obecnou diskusi v§ech praci, popisujicich vyuziti naS§ich mAb 16-F12 a 17-C10
pii prognoze OA podala Jordanova (Jordan 2004). Dalsi perspektiva vyuziti téchto
monoklonalnich protilatek a EIA metod je ve zjisténi Riessena a spol. (Riessen, Fenchel et al.

2001), ze trombospondin-5 se vyskytuje ve hiadké svaloviné cév.
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ZAVER

Predlozeny soubor ukazuje, jak 1ze vyuzit imunochemickych metod a zvlaste
enzymoimunoeseji k studiu mechanismu tkanového poskozeni. Prvni série praci se zabyvala
stanoveni stabilniho produktu pisobeni reaktivnich dusikovych slou€enin — 3-nitrotyrosinu.
Bylo jednak prokazano, ze hladina 3-nitrotyrosinu v seru potkant se signifikantné zvySuje
béhem Etyfdenni hypoxie. Oproti tomu hyperoxie u zdravych zvifat hladinu 3-nitrotyrosinu

v seru ani v plicni tkani neméni. Pfi experimentalni pneumonii vzrista signifikantné mnozstvi
3-nitrotyrosinu v plicni tkdni a hyperoxie tento vzrust blokuje a dokonce signifikantné snizuje
koncentraci 3-nitrotyrosinu v seru. Pfi studiu erythrofagocytosy makrofagovou linii bylo
stanoveni 3-nitrotyrosin jednim z dlikazu, Ze inhibice respiracniho vzplanuti b€hem

fagocytosy erytrocyti je zapfi¢inéno jejich membranami a nikoliv jejich obsahem.

Sledovani 3-nitrotyrosinu béhem starnuti modelovych vyssich rostlin (Nicotiana) a kvasinek
(Sacharomyces) ukazalo, Ze pfitomnost 3-nitrotyrosinu po poskozeni reaktivnimi dusikovymi
slou¢eninami je universalni marker u vSech Eukaryonti a izce souvisi s pochody spojenymi
se starnutim. Uast reaktivnich slougenin dusiku na starnuti kvasinek nebyla do této nikym

popsana.

Soubor tii praci se vénoval vyvoji monoklonélnich protilatek proti COMP, jejich
charakterisaci a vyuziti v enzymoimunoesejich. Ob¢ eseje — inhibi¢ni i sendvi¢ova EIA — jsou
vhodné k stanoveni hladiny COMP v séru i synovialni tekutin€. Aplikovatelnost téchto
stanoveni byla dokumentovana vySetfenim souboru pacientli s riznym revmatickym

postizenim.

Souhmné lze Fici, Ze imunochemické metody jsou citlivé, levné a relativné malo pracné metody
vhodné k objasnéni pribéhu riznych fazi tkanového poskozeni a pii dalSim studiu téchto

mechanismu bude jejich vyznam stale stoupat.
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Summary

Chronic sojourn in hypoxic environment results in the structural remodeling of peripheral pulmonary arteries and
pulmonary hypertension. We hypothesize that the pathogenesis of changes in pulmonary vascular structure is related to
the increase of radical production induced by lung tissue hypoxia. Hypoxia primes alveolar macrophages to produce
more hydrogen peroxide. Furthermore, the increased release of oxygen radicals by other hypoxic lung cells cannot be
excluded. Several recent reports demonstrate the oxidant damage of lungs exposed to chronic hypoxia. The production
of nitrie oxide is high in animals with hypoxic pulmonary hypertension and the serum concentration of nitrotyrosine
(radical product of nitric oxide and superoxide interaction) is also increased in chronically hypoxic rats. Antioxidants
were shown to be effective in the prevention of hypoxia induced pulmonary hypertension. We suppose that the
mechanism by which the radicals stimulate of the vascular remodeling is due to their effect on the metabolism of
vascular wall matrix proteins. Non-enzymatic protein alterations and/or activation of collagenolytic matrix
metalloproteinases may also participate. The presence of low-molecular weight cleavage products of matrix proteins
stimulates the mesenchymal proliferation in the wall of distal pulmonary arteries. Thickened and less compliant
peripheral pulmonary vasculature is then more resistant to the blood flow and the hypoxic pulmonary hypertension is
developed.

Key words :
Pulmonary hypertension e Chronic hypoxia e Pulmonary vasculature e Structural remodeling ® Oxygen free radicals o
Nitrotyrosine

Introduction

Two basic mechanisms increase the pulmonary vascular
resistance in hypoxic pulmonary hypertension: structural
remodeling of peripheral pulmonary vasculature and

vasoconstriction. In the developed hypoxic pulmonary
hypertension the structural
consists of proliferation and hypertrophy of vascular
smooth muscle cells in peripheral pulmonary arteries
(muscularization) and excessive production of matrix

remodeling prevails. It
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proteins in the vascular wall. Vasoconstricticton may play
a role in the early phases of exposure to hypoxia,
although pharmacological vasodilatation was documented
even in the “steady-state” of the disease (McMurtry et al.
1977, Dingemans and Wagenvoort 1978, Emery et al.
1981). We hypothesize that hypoxic injury to the
pulmonary vascular wall is a mechanism, which triggers
vascular remodeling (Herget and Jezek 1989, Hampl and
Herget 2000). The production of reactive oxygen
metabolites plays a crucial role in lung tissue injury
(Kinnula ef al. 1995). In the present paper, we discuss the
evidence that the production of free radicals is increased
in chronic hypoxia and that increased radical production
may be pathogenetically involved in remodeling of the
wall of peripheral pulmonary arteries.

Production of reactive oxygen species (ROS)
in lung tissue hypoxia

Several studies have documented that exposure
to low partial pressures of oxygen induces rapid changes
lipid composition of a. variety of
mammalian cell lines (Coleman et al. 1976, Johnstone et
al. 1985). These changes may be caused by a free radical-
initiated lipid peroxidation, a view supported by an
increase of malonaldehyde, one of the aldehydic products
of lipid peroxidation, in the serum, heart, lung, liver and
kidney of hypoxic rats (Nakanishi et al. 1995).
Accordingly, indicators of lipid peroxidation have been

in membrane
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observed in cultures of pulmonary artery endothelial cells

exposed to hypoxia (Block er al. 1989).

The underlying mechanism of hypoxic oxidative
damage may be multifactorial. The prerequisite of
oxidative damage is the formation of oxidants and these
may originate from several processes:

I. Superoxide leakage from mitochondrial respiration
may play an important role. Under hypoxic
conditions the electron transport chain may become
more reduced, resulting in an increased rate of non-
enzymatic autoxidation of electron transport
components, producing superoxide (Cadenas et al.
1977).

2. Certain oxygen utilizing enzymes which use reduced

flavins or semiquinones produce more superoxide at
low oxygen tensions than at normal oxygen tension
(Misra and Fridovich 1972).

3. Another possible source of increased
production with hypoxia is xanthine oxidase, as both
this enzyme and its substrate, hypoxanthine, are
increased under hypoxic conditions (Fried et al.
1973).

radical

4. The important source of reactive oxygen species is

NADPH oxidase of phagocytes, which produces
superoxide and hydrogen peroxide. White cells may
be attracted to hypoxic tissue and activated by
products of hypoxic tissue injury. NADPH oxidase
was found in smooth muscle cells of pulmonary
arteries and was activated by hypoxia to produce
superoxide (Marshall et al. 1996).

Fig. 1. The of H,0;
production (chemiluminiscence) by

increase

alveolar macrophages isolated from
control rats and from rats exposed to
hypoxia. Adhesion — production of
H,O, after the cells adhered to
measuring cuvette surface. FMLP —
surface receptor mediated stimulation
by chemotactic peptide N-formyl-
methionyl-leucyl-phenylalanin. PMA —
direct stimulation of protein kinase C
by  phorbol  myristate  acelate.
*P<0.05. (Reproduced with
permission from Wilhelm et al. 1996.)

PMA+FMLP
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We have found an increased production of
hydrogen peroxide by alveolar macrophages isolated
from rats exposed to hypoxia (Wilhelm et al. 1996).
Hydrogen peroxide production was measured by luminol-
dependent chemiluminescence after stimulation of the
macrophages by adherence, phorbol myristate acetate, or
by chemotactic peptide. It was observed that a 3-day
hypoxia primes alveolar macrophages for an enhanced
production of H,O, upon stimulation (Fig. 1). It is
interesting that such an effect of hypoxia was not found
in peritoneal macrophages (Wilhelm et al. 1997).

The production of reactive oxygen species by
animals exposed to hypoxia was directly detected by

7

Fig. 2. Production of hydrogen

peroxide in the breath of rats exposed

D
1

to and recovering from hypoxia.
Ordinate shows the amount of
hydrogen peroxide collected from the
expired breath during 1 hour. Hypoxia
indicates the group exposed to 10%

w
1

IS
1

e

measuring H,0, in the expired breath (Wilhelm et al.
1999). Animals exposed to hypoxia for 3 days had an
increased amount of H,0, in their breath by 100 % in
comparison to control animals. After 7 days of recovery
in air, the exposed animals still produced significantly
increased levels of H,O, (Fig. 2). It was hypothesized that
H;O, is a product of enzymic reactions that are

themselves sensitive to oxidative damage, because the
production of H,O, was inhibited under the conditions of
induced by

oxidative  stress

administration.

severe paraquat

Hydrogen peroxide [pmol/h]

oxygen for 3 days, recovery represents T
the measurement of the hypoxic group 2
after 7 days of air breathing. }
* P<0.001. (Reproduced with 14
permission from Wilhelm et al. 1999.)
0 Control ‘ Hypoxia Recovery

Oxidative damage to various tissues can be
detected by measuring the concentration of fluorescent
end products of lipid peroxidation. These are usually
termed lipofuscin-like pigments (LFP). The exposure of
rats fo hypoxia for various time periods induced
formation of LFP in both erythrocytes and the spleen
(Wilhelm and Herget 1999a). The concentration of LFP
depended on the duration of hypoxic exposure both in
erythrocytes and the spleen. The higher concentration of
LFP (compared with found in
erythrocytes after 3 days of hypoxia. On the contrary, a
decrease in LFP concentration was observed 3 h and
21 days after exposure. The decrease of LFP in
erythrocytes was paralleled by an increase in the spleen.

In the next study, we focused on the effects of
hypoxia on the lung tissue (Wilhelm and Herget 1999b).
The LFP concentration was measured in relation to the
activity of superoxide dismutase (SOD). This enzyme is

normoxia) was

known to be inducible by its substrate. This implies that
the increase in its activity is to be expected under
conditions of enhanced free radical production. There are
principally two types of mammalian SOD that differ by
the metal ion in their active center and by their
subcellular localization. Cu,Zn-SOD is preferentially
found in the cytoplasm, while Mn-SOD is an enzyme
localized in the mitochondrial matrix. The experiment
was organized in the following way. Adult male rats were
exposed to normobaric hypoxia (10 % O,) for 3 h, 1 day,
10 days and 21days. After 21 days of hypoxic treatment,
samples were also taken after 3 and 14 days of recovery
in the air. LFP were assayed in lipophilic extracts of the
lungs. Four types of fluorophores were observed, labeled
according to their excitation/emission maxima F263/376,
F287/330, F330/370, and F345/458. These fluorophores
had a different time-course of concentration during
hypoxia and recovery in air. F287/330 increased after 3 h
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of hypoxia (P<0.0001), then decreased deeply below
control value after one day (P<0.0001), and with minor
fluctuations remained at this level for up to 21 days of
hypoxia. During recovery in air it returned to the control
level. The other fluorophores were significantly reduced
during hypoxia and they either reached the initial values
during recovery (F345/458), or rose to significantly
higher levels (F263/376, F330/370). The maximum
increase was observed on the 14th day of recovery. The
time-course of one of these fluorophores (F330/370) is
illustrated in F iguré 3 together with the changes of
Cu,Zn-SOD and Mn-SOD activity. Its concentration
slightly increased (to about 160 %) immediately after
transition of the animals to hypoxia and then again after
transition from hypoxia to normoxia. Its concentration
was decreased throughout the 21 days of hypoxia,

3507
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Collagen represents a possible target for free
It is difficult,
however, to prove collagen oxidation in vivo by standard
methods. We therefore initiated a study that aimed at the
detection of oxidized collagen by means of its

radicals in the extracellular matrix.

fluorescence. In a model oxidation of collagen initiated
by UV irradiation in vitro we found new specific
fluorophores which might be potentially used for the
estimation of collagen damaged by free radical attack in
vivo (Wilhelm et al. 1998).

The oxidative damage to the extracellular matrix
might represent a factor responsible for the initiation of
the remodeling of the vascular wall triggered by chronic
hypoxia. We studied the effects of collagen type I
oxidation on the proliferation of smooth muscle cells
(VSMC) obtained from the rat aorta in culture (Batakova
et al. 1997). VSMC proliferated more rapidly on UV-

21d r3d

indicating attenuated production of free radicals during
prolonged hypoxia. This view is supported by low levels
of Cu,Zn-SOD. The activity of Mn-SOD started to rise
immediately after transition to hypoxia and reached its
maximum after one day of hypoxia. It then oscillated
around the control value and started to rise significantly
after ftransition of the animals to air, reaching the
maximum activity after 14 days of recovery in air
(Fig. 3). These data, taken together, indicate that free
radicals are actively produced during the transition

. periods from air to hypoxia and vice versa. The site of

their production appears to be localized in the
mitochondria. We assume that F330/370 might represent
a fluorophore produced during oxidative damage to lung
mitochondria

Fig. 3. The time course of the
fluorophore F330/370 in relation to
the activity of Cu,Zn-SOD and Mn-
SOD during hypoxia and return to air
breathing. All the data are expressed
in percentage of control values. The
time of sampling is indicated below
abscissa: 3h — 3 hours of hypoxia, 1d
— 1 day of hypoxia, 10d — 10 days of
hypoxia, 21d— 21 days of hypoxia, r3d
— recovery in air for 3 days, rid4d —
recovery in air for 14 days.

ri4d

irradiated collagen than on normal collagen type 1. The
oxidation of UV-irradiated collagen was detected by the
assay of specific fluorophores described above. As we
have previously observed lung macrophage activation by
hypoxia (Wilhelm et al. 1996), we tested the effects of
collagen type I exposed to activated macrophages in vitro
on the proliferation of VSMC in culture (Batakova et al.
1999). The responses were complex, as collagen exposed
to activated macrophages was both slightly cytotoxic and
also stimulated VSMC proliferation.

Effects of antioxidants on the development of
hypoxic pulmonary hypertension

Several reports have documented inhibition of
the development of experimental pulmonary hypertension
by antioxidants in laboratory animals. Already 10 years
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ago, the group of Dr. Reid reported that antioxidant
dimethythiourea inhibits the structural reconstruction of
peripheral blood vessels and right heart hypertrophy
induced by 10-day exposure to 10% oxygen in rats
(Langleben et al. 1989). Similar results have been
reported recently (Lai et al. 1998). Furthermore, the latter
authors measured the pulmonary arterial blood pressure
and found that it was lower in hypoxic rats treated with
dimethylthiourea than in not-treated hypoxic rats. Bottje
et al (1995) the pulmonary
hypertension syndrome in broilers by vitamin E implants

successfully treated

applied after hatching. The incidence of the pulmonary
hypertension syndrome in chickens was decreased and
the authors reported a significant increase in the
antioxidant capacity in the vitamin E-treated group.
Another used for influencing
experimental pulmonary hypertension was N-acetyl-L-
cysteine (NAC), a precursor of reduced glutathione.
Hoshikawa et al. (1995) reported attenuation of
pulmonary hypertension in rats by NAC treatment during
In addition,

antioxidant

exposure to hypoxia. they estimated

phosphatidylcholine hydroperoxide as a measure of the
presence of lipid peroxidation. It was increased in rats
exposed to chronic hypoxia and not treated with NAC.
This increase was reduced by NAC treatment.

In our experiments, we exposed young male rats
to chronic isobaric hypoxia and the animals were treated
with 20 g NAC per | liter of drinking water. Compared
with hypoxic rats offered tap water without NAC, their
pulmonary arterial mean blood pressure and right
ventricle heart weight related to the body weight were
significantly reduced (Herget et al. 1999). However, they
were still higher than in normoxic controls (both treated
and not-treated with NAC) (Table 1). Hoshikawa et al.
(1995) reported that NAC treatment in hypoxia inhibited
even the muscularisation of peripheral pulmonary
arteries. This was not the case in our study and the
relative number of peripheral pulmonary arteries with
smooth muscle cells in their media was not significantly
different in NAC-treated hypoxic rats from that in
non-treated hypoxic controls (Table 1).

Table 1. Effects of NAC treatment in rats with experimental hypoxic pulmonary hypertension

Body Pap Pg Cardiac RV/BW (LV+S)BW DL vessels

weight (g) (mm Hg) (mm Hg) output (ml) (mg/100 g) (mg/100 g) (%)
Hypoxic 263+21"  27+09""  111%6 28+5 73+£5""  208+8 34.5+34"
Hypoxic + NAC ~ 250+17" 21+08“" 91+5 2343 60+4%"  196+6 278+1.1"
Normoxic 354+20 15+04 107 +4 29+4 46+ 6 187 +9 12 £1.6
Normoxic + NAC 305 £ 15 14+0.4 1035 2442 55+2 203+5 13.4+1.2

P4p — pulmonary arterial mean blood pressure, Ps— mean blood pressure in the aorta, RV/BW — relative weight of the
right heart ventricle, LV+S/BW — relative weight of the left heart ventricle plus septum, DL — % of muscularized distal

pulmonary arteries. * Hypoxic vs. Hypoxic + NAC, ** hypoxic group vs. relevant normoxic control group.

Role of radical lung injury in the
pathogenesis of hypoxic pulmonary
hypertension

We hypothesized that the proliferative process in
the walls of peripheral pulmonary arteries is triggered by
an alteration of matrix proteins in their walls. Exposure to
hypoxia increases collagenolytic activity in the peripheral
pulmonary vasculature, which results in a presence of
specific, low molecular weight cleavage products of
collagen type I (Novotnd and Herget 1998). It has been

shown repeatedly that the presence of collagen cleavage
turns on mesenchymal proliferation (Gardi et al. 1990,
1994, Batdkova et al. 1997). In our experiment with
NAC treatment (Herget et al. 1999) collagenous proteins
were extracted from isolated peripheral pulmonary
arteries. The extracts were analyzed by SDS PAGE
electrophoresis. A characteristic, ~76 kD cleavage
product occurred in all extracts from non-treated rats
exposed to hypoxia. However, this protein was not
present in samples from hypoxic rats treated with NAC

(Fig. 4).
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Fig. 4. Gel electrophoresis profile of
the collagenous fraction isolated
from peripheral pulmonary arteries
of rats exposed to hypoxia and of
rats exposed to hypoxia and treated
with N-acetyl-L-cysteine. C(I) —
collagen type I standard from rat
tail (Sigma), collagenous fraction
extracted from peripheral
pulmonary arteries of normal
control rats (N), rats exposed for 3
weeks to hypoxia (H), rats exposed
to chronic hypoxia and treated with
N-acetyl-L-cysteine (NAC). y -
y-fraction (chain polymers,
collagens type I + II); B -
B-fraction (chain dimers, collagens
type 1 + MHI); al — mixture of
individual al chains (collagens type
I+ M), a2 — a2 chains (collagen
type I); X — small peptide present
predominantly in  the hypoxic
peripheral  pulmonary  arteriés
(Novotna and Herget 1998).
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Fig. 5. Concentration of nitrotyrosine in serum of
normoxic and hypoxic rats. Nitrotyrosine was measured
by inhibition ELISA. Polystyrene plates (Maxisorp, Nunc)
were coated with nitrated serum albumin. Plates were
incubated under gentle shaking for 90 min with
monoclonal antibody (NO-60-E3, prepared in our
laboratory) and diluted serum samples. After washing,
the plates were then incubated with anti-mouse IgG
conjugated with peroxidase (A-8924, Sigma) for another
90 min and developed with o-phenylenediamine.

We hypothesize that the activation of
collagenolysis in the peripheral pulmonary arteries is
related to radical injury to the vascular wall (Hampl and

Herget 2000). Increased NO production in the lungs after
exposure to chronic hypoxia is well documented (Hampl
and Herget 2000). Nitric oxide can react with superoxide
yielding peroxynitritt and other radical products.
Nitration of tyrosine in proteins to nitrotyrosine can be
used as a marker of peroxynitrite production (Beckman
1996). We have recently found that the blood serum
nitrotyrosine concentration is increased in rats exposed to
chronic hypoxia (10 % O, for 4 days) (Fig. 5). This
documents a production of peroxynitrite in the early
phases of hypoxic exposure. Nitric oxide, superoxide and
also peroxynitrite are potent activators of interstitial
matrix metalloproteinase (Rajagopalan et al. 1996). The
importance of increased collagenolytic activity for
vasculature remodeling was further supported by our
recent findings that pharmacological inhibition of
collagenolysis by Batimastat suppressed the pulmonary
vascular changes induced by chronic hypoxia (Novotna et
al. 1999).

Hydrogen peroxide probably also plays a
physiological role in the regulation of vascular tone.
Vascular endothelial cells in culture release H,O; into the
extracellular space. This production has a constant rate
under oxygen concentrations between 100 and 10 % and
decreases when oxygen concentration is lowered below
10 %, reaching one third of the original activity at 0 %
oxygen (Kinnula et al 1993). H,O, induces
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vasoconstriction in preparations of isolated pulmonary
arteries (Sheenan er al. 1993) as well as in isolated lungs
(Burghuber et al. 1984, 1985, Tate et al. 1984). However,
a vasodilator action of H,0, was reported in other studies
(Burke and Wolin 1987, Burke-Wolin and Wolin 1990,
Monaco and Burke-Wolin 1995, Burke-Wolin et al.
1997)

We have found that high doses of hydrogen
peroxide injected into the inflow cannula of isolated
ventilated lungs produced a  dose-dependent
vasoconstriction in the range of 0.25-10 mM, with a
maximum response between 2-5 mM. The effects of
H,0, were modulated by ionophores or specific inhibitors
of ionic channels or pumps. A key role was deduced for
sodium ions that regulate the subsequent inflow or
outflow of calcium, i. e. an ion-mediated vasoconstriction
(Wilhelm and Herget 1995). Therefore the participation
of released ROS on changes of pulmonary vascular tone
in hypoxic pulmonary hypertension cannot be excluded,
although a direct experimental evidence of this action has
not been well established yet.
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Summary

Although nitrated proteins have been repeatedly used as markers of lung injury, little is known about their formation
and metabolism under hyperoxia. We therefore measured 3-nitrotyrosine (3NTYR) concentrations in lung tissue and
serum of rats with carrageenan-induced pneumonia exposed to hyperoxia. Twenty-nine Wistar male rats were assigned
to one of 4 groups. Two experimental groups were treated by intratracheal application of carrageenan (0.5 ml of 0.7 %
solution) and then one was exposed to hyperoxia for 7 days (F{O, 0.8), the other to air. Rats of two control groups
breathed either hyperoxic gas mixture or air for 7 days. At the end of exposure the ventilation was determined in
anesthetized, intubated animals in which 3NTYR concentrations were measured in the lung tissue and nitrites and
nitrates (NO,) were estimated in the serum. Carrageenan instillation increased 3NTYR concentrations in lung tissue
(carrageenan-normoxic group 1477 pmol/g protein, control 90£10 pmol/g protein) and NO, concentration in the serum
(carrageenan-normoxic group 126x13 ppb, control 78+9 ppb). Hyperoxia had no effect on lung tissue 3NTYR
concentration in controls (control-hyperoxic 100+14 pmol/g protein) but blocked the increase of lung tissue 3ANTYR in
carrageenan-treated rats (carrageenan-hyperoxic 8213 pmol/g protein), increased NO, in serum (control-hyperoxic
127£19 ppb) and decreased serum concentration of 3NTYR in both hyperoxic groups (carrageenan-hyperoxic 51£5
pmol/g protein, control-hyperoxic 6717 pmol/g protein, carrageenan-normoxic 82+9 pmol/g protein, control 91+7
pmol/g protein). The results suggest that hyperoxia affects nitration of tyrosine residues, probably by increasing 3ANTYR
degradation.

Key words
Nitrotyrosine » Hyperoxia ® Experimental pneumonia e Carrageenan e Nitrites and nitrates

Introduction like asthma (Hanazawa ef al. 2000), cystic fibrosis
(Balint ef al. 2001), acute respiratory distress syndrome

3-nitrotyrosine (3NTYR) is formed in a (Lamb et al 1999) or airway inflammation in lung
biological process associated with NO and reactive  transplants (De Andrade et al. 2000). Interestingly
oxygen species (ROS). It has therefore been repeatedly  enough, Banks et al (1998) reported that plasma
used as an indicator of increased oxidative stress, nitrotyrosine content was also increased in infants who
particularly in inflammation-related forms of lung injury  have developed bronchopulmonary dysplasia and that its
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level correlated with the fraction of inspired oxygen that
the infant was receiving. The latter finding suggests that
3NTYR could be a marker of possible adverse effects of
high oxygen concentrations used during oxygenotherapy.
However, because of the complicated and not fully
understood pathogenesis of bronchopulmonary dysplasia,
it is difficult to speculate whether increased 3NTYR
levels were due to high inspired O, concentrations or to
the severity of the disease necessitating higher O,
concentrations during treatment. To elucidate the role of
hyperoxia in 3NTYR formation, we exposed the rats with
experimental pneumonia to hyperoxia lasting 7 days. We
measured 3NTYR concentrations in lung tissue and
serum after the exposure in these rats and in respective
controls.

Methods

Studies were performed in adult male Wistar rats
with initial body weight 228+3 g (mean + SEM). All
techniques used were compatible with the National
Institute of Health Guidelines. The rats were divided into
four groups and treated as follows:

Group n treatment

CartO, 6 carrageenan' + 7 days of breathing
F,0, 0.78-0.84

Cartd 8 carrageenan' + 7 days of breathing air

0, 7 7 days of breathing F,0, 0.78-0.84

C 8 7 days of breathing air

0.5 ml of 0.7 % solution intratracheally

Exposure to hyperoxia was performed in a
normobaric chamber (Herget and Kuklik 1995) as
described previously (Fisarkova and Vizek 2003).

Measurements

The animals were anesthetized by thiopental
(40 mg/kg, i.p.) and intubated (tracheal cannula 1D 1.7
mm, OD 2.3 mm). Rats were then placed in the body
plethysmograph (Maxova and Vizek 2001), the tracheal
cannula was connected to an outer circuit ventilated with
room air. Pressure changes in the plethysmograph were
measured by pressure differential transducer (Elema-
Schonander EMT 32). A specific computer program
(Maxova and Vizek 2002) was used to calculate
ventilatory parameters.

Blood samples (2 ml) were taken from the
jugular vein, the animals were sacrificed by an overdose
of anesthetic and the two lower lobes of the right lung
were taken for determining 3-nitrotyrosine, nitrite and
nitrate concentrations. The left lung was used to assess its
wet and dry weight (Glogowska and Widdicombe 1973).

Nitrite and nitrate concentrations were analyzed
using the chemiluminiscence determination of NO, based
on its reaction with ozone (Hampl ef al. 1996) using the
Chemiluminiscence NO Analyzer ECO Physics CLD 77
AM. To convert nitrites and njtrates in serum to NO,
vanadium, chloric acid and heating of the sample to 90 °C
were used as described by Michelakis and Archer (1998)

ELISA estimation of 3-nitrotyrosine

ELISA  for
3-nitrotyrosine in serum proteins was described by Herget
et al. (2000). Briefly, polystyrene ELISA 96-well plates
(Maxisorp, Nunc) were coated with BSA nitrated by
TNM dissolved
nitrotyrosine overnight. The plates were blocked by three
5 min incubation with PBS plus 0.05 %(v/v) Tween-20
(TPBS). Then 50 pl per well of 0.2 % gelatin in TBS
(Tris buffered saline) pH 8.4 was pipeted and standard
solution of nitrated BSA (prepared by peroxynitrite

Competitive estimation  of

in PBS at a concentration 5nM

treatment) were serially diluted. Examined samples of rat
serum were diluted 1:20 in the same buffer and 50 pl
added to each well. Then 50 ul of 1:125 000 diluted
ascites of monoclonal antibody NO-60-E3 (prepared in
our laboratory) in the same buffer were added and
mixture was incubated under gentle shaking at laboratory
temperature for 60 min. After three washings with PBS
the plates were incubated with 100 pl of antimouse Ig
rabbit antibody conjugated with peroxidase (Sigma
A-8924) diluted 1:1000 in 1 % BSA in PBS for 90 min.
After five washings with TPBS (with duration of
washings 15 min), the plates were developed with
o-phenylenediamine and reaction was terminated by
addition of sulphuric acid. Absorbance was read at
492 nm using a microplate reader.

All extraction and centrifugation steps were
performed at 4 °C. About 100 mg of lung tissue (wet
weight) was homogenized in 2 ml TBS with protease
inhibitors (benzamidine, PMSF, EDTA) and centrifuged
(48 000 g, 10 min). Supernatants were diluted 1:10 and
concentration of 3-nitrotyrosine estimated by the same
competitive ELISA. Concentration of proteins was
measured by the bicinchoninic acid method (Smith et al.
1985).
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Standard curves and concentrations of 3-nitro-
tyrosine in the samples were calculated according to
Rodbard’s four (Rodbard and
McClean 1977).

parameter equation

Data analysis and statistics

Each ventilatory variable was averaged over six
consecutive respiratory cycles. Results are presented as
means £ S.E.M. ANOVA and Fisher's PLSD test were
used for statistical evaluation of the data. P<0.05 was

considered significant.

Results

Ventilation
Ventilatory parameters of all

summarized in Table 1. Minute ventilation (V'g) of both

groups are

groups of rats exposed to hyperoxia was somewhat lower
than that of the controls, the decrease being significant
only for Car+0), group. The rats of Car+A4 group reached
the same V'g as controls, but had a higher rate of
breathing and lower tidal volume.

Table 1. Minute ventilation (V'¢), breathing frequency (fr) and tidal volume (V) in control group, group exposed to 7 days of
hyperoxia (O,), group breathing air after carrageenan application (Car+A) and group exposed to 7 days of hyperoxia after carrageenan

application (Car+0,).

control 0, Car+ A Car + O,
n 8 8 6
Body weight (g) 29345 25645 * 26848 * 24011 *
V' (ml/min) 208.2+14.3 172.9+8.7 200.5+13.4 163.9+15.4 *
fx (c/min) 145+8 119£7 175412 * 131215
Vo (ml) 1.4%0.1 1.540.1 1.2+0.1 ** 1.3£0.1 T

Data are means S.E.M., *p<0.05 from the control group, *p<0.05 from all other groups, 'p<0.05 from the O, group

Serum nitrites and nitrates

The concentrations of NO, in the serum are
shown in Figure 1. The application of carrageenan or the
exposure to hyperoxia increased NO, concentration,
which remained unaffected by the combination of both

interventions.

3-nitrotyrosine in the serum

The application of carrageenan did not change
the 3NTYR concentration in serum (Fig. 2), but its
concentration decreased in both groups exposed to 7 days
of hyperoxia. The differences between controls and O,
group and between Cart+A and Car+O, groups were
significant.

3-nitrotyrosine in the lung tissue

As expected, lung tissue concentration of
SNTYR was increased in carrageenan-treated rats
breathing air (Fig. 3). The concentrations of 3NTYR in
the control rats exposed to hyperoxia alone and rats
exposed to carrageenan and hyperoxia did not differ. This
blocked the

carraggenan-induced increase, while it did not affect the

means that exposure to hyperoxia

3NTYR concentration in normal lungs.

There was no correlation between concentration
of 3NTYR in lung tissue and in serum.
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Fig. 1. Concentration of nitrites and nitrates (NOx) in serum of
control rats (C), rats exposed to 7 days of hyperoxia (0,), rats
breathing air for 7 days after carrageenan application (Car+A)
and rats exposed for 7 days to hyperoxia after carrageenan
application (Car+0,). *p<0.05 from the control (C) group

Weight of the lefl lung

The application of carrageenan increased both
wet and dry weight of the left lung (C group 0.41+0.02;
0.09+0.01 g, O, group 0.42+0.01; 0.09+0.01 g, Car+4
group 0.76£0.04; 0.16x0.01 g, Car+0; group 0.68+0.08;
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0.15+0.02 g). There were no differences in dry to wet
weight ratios of our groups.

INTYRserum
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Fig. 2. Concentration of 3-nitrotyrosine (3NTYR) in serum of
control rats (C), rats exposed to 7 days of hyperoxia (O;), rats
breathing air for 7 days after carrageenan application (Car+A)
and rats exposed for 7 days to hyperoxia after carrageenan
application (Car+0;). *p<0.05 from the control (C) group,
'p<0.05 between values in air and hyperoxia of the carrageenan
treated rats.
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. Fig. 3. Concentration of 3-nitrotyrosine (3NTYR) in the lung
tissue of control rats (C), rats exposed to 7 days of hyperoxia
(0,), rats breathing air for 7 days after carrageenan application
(Car+A) and rats exposed to hyperoxia for 7 days after
carrageenan application (Car+0,). *p<0.05 from all other groups

Discussion

This study was designed to test: 1) whether
breathing of hyperoxic gas mixture affects 3NTYR
concentrations in lung tissue and serum of rats with
experimental pneumonia, and 2) whether concentration of
3NTYR in serum reflects changes in protein nitration in
the lungs. High
decreased 3NTYR levels in serum of control as well as

oxygen concentration surprisingly
carrageenan-treated rats and blocked the increase of
3NTYR lung tissue found in
carrageenan-treated rats breathing air. The 3NTYR
concentration in the serum and in the lung tissue did not

concentration in

correlate.

An increased production of nitrogen and oxygen

related reactive species in  carrageenan-induced
inflammation have been described in previous studies
(Oh-ishi et al. 1989, Salvemini et al. 1996, Cuzzocrea et
al. 1997). The higher concentrations of nitrates and
nitrites (NO,) in serum as well as 3NTYR in the lung
tissue after intratracheal application of carrageenan were
therefore expected in our rats. In addition, the pattern of
breathing of carrageenan-treated rats during air breathing
was similar to that described by Wachtlova et al. (1975).
The fact that hyperoxia
concentration but decreased 3NTYR concentration in the
serum suggests that hyperoxia might have enhanced
oxidation of NO to NO, and NO;. If so, the NO produced

by endothelial cells was oxidized to NO,” which restricted

increased NO,

formation of peroxynitrite and 3NTYR.

In general, hyperoxia is believed to increase
formation of ROS, however, this effect depends on its
level and also on the duration of the exposure. In rats,
Crapo ef al. (1980) found marked injury after exposure to
100 % oxygen, but lesser changes at 85 % O,. The
pronounced signs of lung injury (and ROS production)
were reported after 48-72 h of exposure to hyperoxia and
were concomitant with the infiltration and activation of
phagocytes (Narasaraju ef al. 2003). We tested the
changes after 7 days of hyperoxia when its effects
probably abated.

Data about the effects of hyperoxia on NO
production in the lungs are controversial. Schmetterer et
al. (1997) found an increase in exhaled NO levels in
human and Arkovitz ef al. (1997) found an increase in
NO,  concentration in the bronchoalveolar lavage fluid
during hyperoxia, while Cucchiaro et al. (1999) showed
that hyperoxia induced iNOS expression in the rat lung,
but did not affect NO concentration in the exhaled air and
3NTYR concentration in lung tissue.

It is difficult to explain the effects of the
administration  and
hyperoxia, in 3NTYR
concentrations decreased. Formation of 3NTYR was

combination of carrageenan

particutar the fact that

originally proposed as a relatively specific marker of
peroxynitrite formation (Beckman 1996). However, other
reactions, e.g. a reaction of nitrite with hypochlorous acid
(Eiserich et al. 1998) and reaction of hydrogen peroxide
with NO, catalyzed by myeloperoxidase (Van der Vliet
el al. 1997, Narasaraju et al 2003), could also be
involved. The increased concentration of 3NTYR in the
lung tissue of our carrageenan-treated rats probably
resulted from the activation of all these pathways.
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Because hyperoxia is known to enhance reactions
mediated by free radicals in the rat lung (Freeman and
Crapo 1981), the expected result of the combination of
inflammation with hyperoxia would be an increase in
3NTYR formation. However, hyperoxia surprisingly
attenuated 3NTYR concentration in the lung tissue and
serum of carrageenan-treated rats. Such decrease in
3NTYR concentration could be a result either from
reduced nitration of proteins or from faster breakdown of
3NTYR or 3NTYR containing proteins. Although we
cannot exclude an effect of hyperoxia on 3NTYR
formation, it is difficult to envisage a metabolic pathway
activated by hyperoxia, which would turn NO to
substance(s) other than NO,” or 3NTYR. Therefore, an
increase in breakdown of 3NTYR seems to be more
likely. In our experiments, the amount of 3NTYR was
calculated per gram of protein. This indicates denitrifi-
cation of tyrosine or an increase in degradation of
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3NTYR containing proteins, rather than the increased
breakdown of all proteins. There are some data about
enzymatic denitrification of 3NTYR-containing proteins
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known whether this process can be enhanced by
hyperoxia.

3NTYR concentration in the serum did not
correlate with that in the lung tissue, which suggests that
changes in 3NTYR production localized to the lungs
were too small to modify the 3NTYR concentration in the
serum.

Acknowledgements

This work was supported by Grant GACR 305/01/0794
and Research project MSM 111300002. These results
were presented in preliminary form at the Meeting of the
Center for Experimental Cardiovascular Research in
Babylon, September 19-20, 2002 (Fisarkova et al. 2002).

ARKOVITZ MS, SZABO C, GARCIA VF, WONG HR, WISPE JR: Differential effects of hyperoxia on the inducible
and constitutive isoforms of nitric oxide synthase in the lung. Shock 7: 345-350, 1997.
BALINT B, KHARITONOV SA, HANAZAWA T, DONNELLY LE, SHAH PL, HODSON ME, BARNES PJ:
Increased nitrotyrosine in exhaled breath condensate in cystic fibrosis. Eur Respir J 17: 1201-1207,2001.
BANKS BA, ISCHIROPOULOS H, MCCLELLAND M, BALLARD PL, BALLARD RA: Plasma 3-nitrotyrosine is
elevated in premature infants who develop bronchopulmonary dysplasia. Pediatrics 101: 870-874, 1998.
BECKMAN JS: Oxidative damage and tyrosine nitration from peroxynitrite. Chem Res Toxicol 9: 836-844, 1996.
CRAPO JD, BARRY BE, FOSCUE HA, SHELBURNE J: Structural and biochemical changes in rat lungs occurring
during exposures to lethal and adaptive doses of oxygen. Am Rev Respir Dis 122: 123-143, 1980.
CUCCHIARO G, TATUM AH, BROWN MC, CAMPORESI EM, DAUCHER JW, HAKIM TS: Inducible nitric oxide
synthase in the lung and exhaled nitric oxide after hyperoxia. 4m .J Physiol 277: L636-L644, 1999.
CUZZOCREA S, ZINGARELLI B, GILAD E, HAKE P, SALZMAN AL, SZABO C: Protective effect of melatonin in
carrageenan-induced models of local inflammation: relationship to its inhibitory effect on nitric oxide

production and its peroxynitrite scavenging activity. J Pineal Res 23: 106-116, 1997.
CUZZOCREA S, MAZZON E, CALABRO G, DUGO L, DE SARRO A, VAN DE LOO FA, CAPUTI AP: Inducible
nitric oxide synthase-knockout mice exhibit resistance to pleurisy and lung injury caused by carrageenan. Am J

Respir Crit Care Med 162: 1859-1866, 2000.

DE ANDRADE JA, CROW JP, VIERA L, BRUCE ALEXANDER C, RANDALL YOUNG K, McGIFFIN DC, ZORN
GL, ZHU S, MATALON 5§, JACKSON RM: Protein nitration, metabolites of reactive nitrogen species, and
inflammation in lung allografts. Am J Respir Crit Care Med 161: 2035-2042, 2000.

EISERICH JP, HRISTOVA M, CROSS CE, JONES AD, FREEMAN BA, HALLIWELL B, VAN DER VLIET A:
Formation of nitric oxide-derived inflammatory oxidants by myeloperoxidase in neutrophils. Nature 391: 393-

397, 1998.

FISARKOVA B, VYTASEK R, VIZEK M: Hyperoxia attenuated nitrotyrosine concentration in the lung tissue of
carragheenan treated rats. Physiol Res 51: 66P, 2002.

FISARKOVA B, VIZEK M: Hyperoxia prevents carrageenan - induced enlargement of functional residual lung
capacity in rats. Physiol Res 52: 763-766, 2003.

FREEMAN BA, CRAPO JP: Hyperoxia increases oxygen radical production in rat lungs and lung mitochondria. J Bio/
Chem 256: 10986-10992, 1981.



492 Frisarkovaetal Vol. 53

GLOGOWSKA M, WIDDICOMBE JG: The role of vagal reflexes in experimental lung oedema, bronchoconstriction
and inhalation of halothane. Respir Physiol 18: 116-128, 1973.

GOW A, DURAN D, THOM SR, ISCHIROPOULOS H: Carbon dioxide enhancement of peroxynitrite-mediated
protein tyrosine nitration. Arch Biochem Biophys 333: 42-48, 1996.

HAMPL V, WALTERS CL, ARCHER SL: Determination of nitric oxide by the chemiluminiscence reaction with
ozone. In: Methods of Nitric Oxide Research, M FEELISCH, JS STAMLER (eds), John Willey, Chichester,
UK, 1996, pp 309-318.

HANAZAWA T, KHARITONOV SA, BARNES PJ: Increased nitrotyrosine in exhaled breath condensate of parients
with asthma. Am J Respir Crit Care Med 162: 1273-1276, 2000.

HERGET J, KUKLIK V: Perinatal lung injury extends in adults the site of hypoxic pulmonary vasoconstriction
upstream. Physiol Res 44: 25-30, 1995.

HERGET J, WILHELM J, NOVOTNA J, ECKHARDT A, VYTASEK R, MRAZKOVA L, OSTADAL M: A possible
role of the oxidant tissue injury in the development of hypoxic pulmonary hypertension. Physiol Res 49: 493-
501, 2000.

KAMISAKI Y, WADA K, ATAKA M, YAMADA Y, NAKAMOTO K, ASHIDA K, KISHIMOTO Y:
Lipopolysaccharide-induced increase in plasma nitrotyrosine concentrations in rats. Biochim Biophys Acta
1362: 24-28, 1997.

LAMB NJ, GUTTERIDGE IMC, BAKER C, EVANS TW, QUINLAN GJ: Oxidative damage to proteins of
bronchoalveolar lavage fluid in patients with acute respiratory distress syndrome: Evidence for neutrophil-
mediated bydroxylation, nitration, and chlorination. Crit Care Med 27: 1738-1744, 1999.

MAXOVA H, VIZEK M: Ventilatory response to sustained hypoxia in carotid body denervated rats. Physiol Res 50:
327-331,2001.

MAXOVA H, VIZEK M: Hypercapnia does not affect functional residual capacity enlargement induced by chronic
hypoxia. Physiol Res 51: 537-540, 2002.

MICHELAKIS ED, ARCHER SL: The measurement of NO in biological systems using chemiluminiscence. In:
Methods in Molecular Biology, Vol 100., Nitric Oxide Protocols, MA TITHERADGE (ed), Humana Press,
Totowa, NJ, USA, 1998, pp 111-127.

NARASARAJU TA, JIN N, NARENDRANATH CR, CHEN Z, GOU D, LIU L: Protein nitration in rat lungs during
hyperoxia exposure: a possible role of myeloperoxidase. Am J Physiol 285: L1037-L1045, 2003.

OH-ISHI S, HAYASHI 1, HAYASHI M, YAMAKI K, UTSUNOMIYA I: Pharmacological demonstration of
inflammatory mediators using experimental inflammatory models: rat pleurisy induced by carrageenin and
phorbol myristate acetate. Dermatologica 179 (Suppl 1): 68-71, 1989.

RODBARD D, MCCLEAN SW: Automated computer analysis for enzyme-multiplied immunological techniques. Clin
Chem 23: 112-115. 1977.

SALVEMINI D, WANG ZQ, WYATT PS, BOURDON DM, MARINO MH, MANNING PT, CURRIE MG: Nitric
oxide: a key mediator in the early and late phase of carrageenan-induced rat paw inflammation. Br J
Pharmacol 118: 829-838, 1996.

SCHMETTERER L, STRENN K, KASTNER J, EICHLER HG, WOLZT M: Exhaled NO during graded changes in
inhaled oxygen in man. Thorax 52: 736-738, 1997.

SMITH PK, KROHN RI, HERMANSON GT, MALLTA AK, GARTNER FH, PROVENZANO MD, FUJIMOTO EK,
GOEKE NM, OLSON BJ, KLENK DC: Measurement of protein using bicinchoninic acid. 4nal Biochem 150:
76-85, 1985.

VAN DER VLIET A, EISERICH JP, HALLIWELL B, CROSS CE: Formation of reactive nitrogen species during
peroxidase-catalyzed oxidation of nitrite. A potential additional mechanism of nitric oxide-dependent toxicity.
J Biol Chem 272:7617-7625, 1997.

WACHTLOVA M, CHVALOVA M, HOLUSA R, PALECEK F: Carrageenin-induced experimental pneumonia in rats.
Physiol Bohemosloy 24, 263-268, 1975.

Reprint requests
B. Fisarkova, Institute of Pathophysiology, Second Medical Faculty, Charles University, Plzeniska 221, Praha 5, 150 00,
Czech Republic, e-mail: bfisarkova@hotmail.com



Priloha 3

Wilhelm, J.; Skoumalova, A.; Vytasek, R.; Fisarkova, B.; Hitka, P.; Vajner, L. : Erythrocyte
membranes inhibit respiratory burst and protein nitration during phagocytosis by

macrophages. Physiol Res 54(2005) 533-539



Physiol. Res. 54: 533-539, 2005

Erythrocyte Membranes Inhibit Respiratory Burst and
Protein Nitration during Phagocytosis by Macrophages

J. WILHELM, A. SKOUMALOVA, R. VYTASEK, B. FISARKOVA', P. HITKA'
L. VAINER?

Department of Medical Chemistry and Biochemistry, ' Department of Pathophysiology,

’Department of Embryology and Histology, Second Faculty of Medicine, Charles University, and
Center for Experimental Cardiovascular Research, Prague, Czech Republic

Received June 2, 2004
Accepted November 25, 2004
On-line available January 10, 2005

Summary

Phagocytosis is associated with respiratory burst producing reactive oxygen and nitrogen species. Several studies imply
that erythrocytes can inhibit the respiratory burst during erythrophagocytosis. In this work we studied the mechanisms
of this effect using control and in vitro peroxidized erythrocyte membranes. We demonstrated that autofluorescence of
peroxidation products can be used for visualization of phagocytozed membranes by fluorescence microscopy. We also
found that respiratory burst induced by a phorbol ester was inhibited by control membranes (5 mg/ml) to 63 %
(P<0.001), and to 40 % by peroxidized membranes (P<0.001). We proved that this effect is not caused by the direct
interaction of membranes with free radicals or by the interference with Juminol chemiluminescence used for the
detection of respiratory burst. There are indications of the inhibitory effects of iron ions and free radical products.
' Macrophages containing ingested erythrocyte membranes do not contain protein-bound nitrotyrosine. These
observations imply a specific mechanism of erythrocyte phagocytosis.

Key words
Phagocytosis ® Macrophages e Erythrocyte membranes @ Respiratory burst e Nitrotyrosine

Introduction consumption. The enzyme NADPH oxidase plays the key

role in this process. It is activated during phagocytosis

The activation of macrophages associated with
the generation of reactive oxygen and nitrogen species
(ROS and RNS, respectively) is of critical importance in
the process of a nonspecific imunological response. It
leads to the killing of invading bacteria and inflammatory
tissue injury. ROS, comprising mainly of superoxide,
hydrogen peroxide and the hydroxy! radical originate
from a metabolic pathway referred to as a respiratory
characterized by non-mitochondrial

burst, oxygen

and generates superoxide as the primary product (Maly
and Schurer-Maly 1995). Superoxide is the precursor of
other ROS, such as hydrogen peroxide, which can be
formed during superoxide dismutation, both spontaneous
and enzymatic. We have documented production of
hydrogen peroxide by activated macrophages in several
studies (Wilhelm et al. 1996, 1997, 2003).

Macrophage activation is also accompanied by
the induction of inducible nitric oxide synthase and
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sustained release of NO (MacMicking et al. 1997). An
important compound among RNS is represented by
peroxynitrite (ONOQ"), which produces a wide range of
biological effects, including protein tyrosine nitration
(Beckman and Koppenol 1996). Protein nitrotyrosine is
thus a widely used indicator of RNS generation.
Erythrocytes have a limited life span of about
110 days and after this period are cleared from the
circulation by the reticuloendothelial system. Free radical
damage to erythrocytes leads to the loss of deformability
of their membranes and increased their scavenging by
spleen macrophages (Jain 1988). In this way, erythrocytes
damaged by free radicals in various pathologies
(Ramachandran and Iyer 1984, Laszlo et al 1991,
Peuchant et al 1994, Wilhelm and Herget 1999,
Skoumalovd et al. 2003) could enhance the generation of
ROS and RNS during their clearance by macrophages.
On the other hand, it was found that phagocytosis of
immunoglobulin G-coated erythrocytes was followed by
a depression of macrophage functions including
respiratory burst, whilst phagocytosis of erythrocyte
ghosts did not depress macrophage function (Loegering e¢
al. 1996). Inhibition of phagocytosis and oxidative burst
were also observed after ingestion of Plasmodium
Jalciparum-infected erythrocytes (Schwarzer et al. 1992).
This inhibition is probably mediated by the stable end
products of lipid peroxidation (Schwarzer et al. 2003).
Thus the inhibition of
macrophage respiratory burst by erythrocytes are of great
medical importance and therefore we addressed this

mechanisms  of

' question in this study. We investigated the effects of
isolated human erythrocyte membranes, either control or
peroxidized in vitro, on the respiratory burst of RAW
macrophages and on the generation of nitrated proteins
during phagocytosis. The results indicate inhibition of
macrophage activities by erythrocyte membranes.

Methods

The remnants of blood samples left after blood
donor testing were obtained from the Department of
(Second  Medical  Faculty, Charles
University, Prague). The blood, anticoagulated by
K-EDTA, was pooled, 100 ml of blood was lyzed in
ACK lyzing buffer (0.15 M NH,CI, 0.01 M KHCO;,
0.0001 M Na, EDTA, pH 7.2) and left for one hour. The
lyzed blood was centrifuged (40 000g, 40 min). The
sediment was resuspended in 300 ml of PBS and

Hematology

centrifuged again under the same conditions. This

procedure was repeated once more, then the sediment was
resuspended in a small volume of PBS and dialyzed
overnight the large volume of PBS. The
membranes were then sedimented by centrifugation,
resuspended in a small volume of PBS and the protein
concentration was assayed according to Lowry et al.
(1951). One ml aliquots were stored at ~70 °C until used.
Membranes were diluted to a concentration of
2 mg protein/ml in 10 mM Tris.HCI buffer containing
600 uM EDTA, pH 7.4. Lipid peroxidation was initiated
by the addition of FeSO, (final concentration 300 pM)
and ascorbate (final concentration 600 uM). The mixture
was incubated at laboratory temperature in sealed conic
flasks for 24 h. During this period, samples were taken at

against

specific time intervals and oxidized and control
membranes were frozen at —70 °C until used.

Mouse monocyte macrophages RAW 264.7
were obtained from ECACC, through Sigma-Aldrich
(Prague). The cells were cultivated in Dulbecco’s
modified Eagle’s medium (Sigma) supplemented with
10 % fetal calf serum (BioClot, Germany). Cells were
37°C in humid

equilibrated with 5 % CO,. Experiments were performed

routinely grown at atmosphere
with cultures near the confluency.

Macrophages after overnight cultivation with
peroxidized or control erythrocyte membranes were
studied using fluorescence microscope Nikon Eclipse 400
(excitation filter 330-380 nm, barrier filter 420 nm,
dichroic mirror 400 nm).

The concentration of lipofuscin-like pigments
(LFP) was to Goldstein and
McDonagh (1976). The chloroform-isopropanol mixture
(6 ml, 3:2, v/v) was added to 250 pl of control or
peroxidized membranes. The mixture was extracted for

assayed according

1 h on a motor-driven shaker. After extraction, 2 ml of
water were added to achieve phase separation, the
samples were centrifuged (100 g, 10 min) and the lower
chloroform layer was used for the assay. The same
procedure was adopted for the LFP assay of macrophages
cultivated in the presence of erythrocyte membranes.
Fluorescence spectra of chloroform extracts
were measured on Aminco-Bowman 2 spectrofluoro-
meter. Tridimensional excitation spectral arrays were
measured in the range of 250-400 nm for the emissions
set between 300-500 nm with a step of 10 nm. For the
quantitative assay of LFP the excitation and emission
maxima found in the 3D spectra were used, instrument
was calibrated with standard No. 5 from the instrument
LFP concentration was

manufacturer. expressed in
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relative fluorescence units (RFU/mg protein).

Chemiluminescence measurements were carried
out similarly as in our previous study (Wilhelm et al
2003). We measured the luminol-dependent chemilumi-
nescence originating from the reaction between hydrogen
peroxide and luminol catalyzed by horse-radish
peroxidase. For one assay 1x10° cells was used. They
were stimulated with protein kinase C activator phorbol-
myristate-acetate (PMA), final concentration 1.6 pM. The
measurements were carried out in plastic cuvette at
37 °C. The basic chemiluminescence (without PMA) was
measured at the beginning of each experiment. Data are
expressed as means + SD of three separate experiments.

The measurement of the effects of erythrocyte
membranes on the ROS production in xanthine/xanthine
oxidase system was based on our previous study
(Wilhelm and Vilim 1986). The reaction mixture
contained in [ ml of phosphate buffer (50 mM KH,PO,-
KOH, 10 mM EDTA, pH 7.5) 0.25 mM luminol and
0.5 mM xanthine. The reaction was started by addition of
0.02 U of xanthine oxidase. The erythrocyte membranes
(either control or peroxidized, 5 mg/ml) were added
before xanthine oxidase.

The concentration of nitrotyrosine was measured
in the fraction of soluble macrophage proteins. Cells were
homogenized by freezing and thawing twice and

extracted by TBS pH 8.4. The content of 3-nitrotyrosine
was determined by previously described an enzyme
immunoassay (EIA) method (Herget et a/. 2000). Briefly,
wells of polystyrene plates (Nunc) were coated with
' nitrated bovine serum albumin (BSA). Standard solutions
of nitrated BSA (the content of 3-nitrotyrosine of
standard was estimated from absorption at 430 nm) or
extracts of RAW cells were mixed with monoclonal
antibody NO-60-E3, that was
laboratory, and incubated in coated wells of plate for 90

developed in our

min under gentle shaking. After washing the wells were
incubated with anti-mouse 1gG antibody conjugated with
peroxidase (P206, Dako) for next 90 min and developed

with  o-phenylenediamine.  Standard curves and
concentration of 3-nitrotyrosine in samples were
calculated according to Rodbard’s four parameter

equation (Rodbard and McClean 1977).
Results
Firstly, the isolated erythrocyte membranes were

subjected to lipid peroxidation in vitro. The free radical
damage was detected by means of intrinsic fluorescence

of the end products of lipid peroxidation. Figure 1 shows
the 3D fluorescence spectra of control (part A), and
peroxidized membranes (part B). The free radical damage
results in the accumulation of fluorophore with maximum
emission at 430 nm after excitation at 350 nm. The
concentration of this fluorophore in peroxidized
membranes increased almost fivefold, from 0.25%0.06 to

1.2140.12 RFU/mg protein (P<0.001).

Fluorescence
]
|

S0p A0 e

luorescence
|
|

o

Fig. 1. Tridimensional spectral arrays of fluorescent products of
lipid peroxidation. A - control erythrocyte membranes, B -
membranes after 24 h of in vitro lipid peroxidation. Fluorescence
intensity given in arbitrary units.

Both peroxidized and control membranes were
incubated with RAW macrophages for 12 h. Figure 2
represents typical examples of fluorescence microscopy
pictures of macrophages with ingested peroxidized
membranes (upper part) and non-peroxidized control
membranes (lower part). As this technique uses the
autofluorescence of peroxidative products, the photo of
the macrophage with ingested control membranes is
much dimmer. Nevertheless, this picture documents that
highly peroxidized erythrocyte membranes are eagerly
phagocytozed by macrophages.

Secondly, we tested the effect of membrane
phagocytosis on the respiratory burst. As the respiratory
burst induced by membranes occurs in RAW cells in
1-5 h (Pfeifer et al. 2001) and it would be difficult to
the cell the cuvette of

maintain fully viable in
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luminometer for this time period, we choose another
approach. We triggered the respiratory burst by the
addition of PMA either in the absence or in the presence
of membranes. Figure 3 shows that the peak chemilumi-
nescence was reached in 18 min in macrophages without
membranes (curve 1). The addition of 1 mg/ml of
membrane protein shortened the time to peak chemilumi-

nescence to about 11 min. The peak intensity was
reduced by 26 % with control membranes (curve 2) or by
37 % with peroxidized membranes (curve 3). The
quantitative expression of three separate experiments
gave 25.520.7 mV for the control macrophages, 19.1£0.5
mV for the non-peroxidized membranes (P<0.05), and
16.2+0.5 mV for the peroxidized membranes (P<0.01).

Fig. 2. Autoflucrescence of phagocytes filled with erythrocyte membranes. Photos from fluorescence microscope showing a phagocytic
cell with ingested peroxidized erythrocyte membranes (left part), or control membranes (right part).
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Fig. 3. Chemiluminescence tracing of respiratory burst induced
by PMA. Curve 1 - without erythrocyte membranes, curve 2 -
control erythrocyte membranes (1 mg/ml), curve 3 - peroxidized
erythrocyte membranes (1 mg/ml).

Furthermore, we studied the effect of membrane
concentration on chemiluminescence inhibition. When
the membrane concentration was increased fivefold, the
peak intensity was reduced by 10%
membranes (Fig. 4A), i.e. the inhibition of the total
chemiluminescence was 37 % in relation to the control.

with control

In quantitative terms, the chemiluminescence intensity
19.1£0.5 to 17.6£0.7 mV and the
decrease was not significant. The same increase in
concentration of peroxidized membranes reduced the

decreased from

peak chemiluminescence by 40 % (Fig. 4B); in this case
the inhibition of the total chemiluminescence was 60 %
as compared to the control. Quantitatively expressed, the
chemiluminescence intensity decreased from 16.2+0.5 to
10.1£0.7 mV (P<0.01).

One possible explanation for the observed
inhibition ~of chemiluminescence by erythrocyte
membranes might be the direct interaction of the
with the ROS generated by activated
macrophages. We tested this possibility by measuring the

membranes

effects of membranes on chemiluminescence produced in
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xanthine/xanthine oxidase system, that generates similar
mixture of ROS as activated macrophages. Figure S
(curve 1) shows that the addition of xanthine oxidase
results in a short burst of chemiluminescence. In the
presence of erythrocyte membranes (curve 2), the initial
peak is followed by sustained chemiluminescence. There
was practically no difference between the control and the
peroxidized membranes, both preparations increased the
chemiluminescence intensity. Thus the inhibitory effect
of membranes on chemiluminescence generated by
activated macrophages cannot be explained by direct
interaction of membranes with ROS.
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Fig. 4. The effect of membrane concentration on respiratory
burst. Part A - control membranes, part B - peroxidized
membranes. Curve 1 - protein concentration 1 mg/ml, curve 2 -
protein concentration 5 mg/ml.

In order to evaluate the production of RNS
during erythrocyte membrane phagocytosis we measured
the concentration of protein nitrotyrosine. In RAW cells
INOS induction occurred with a lag phase of 4 h, and the
fall in the rate of NO release was observed between 6 and
15 h (Pfeifer et al. 2001). Therefore, we measured protein
nitrotyrosine after 12 h, when most membranes had
already been ingested, as documented by Figure 2. The
nitrotyrosine content in non-phagocytosing macrophages
was 2.007£0.017 pmol/g of protein, in macrophages with

phagocytozed control membranes 1.977+0.035 pmol/g of
protein, and in macrophages with phagocytozed
peroxidized membranes 2.095£0.059 pmol/g of protein.
The differences statistically

Apparently, RNS production was not activated during

were  not significant.

erythrocyte membrane phagocytosis.
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Fig. 5. Luminol chemiluminescence in xanthine oxidase system.
Curve 1 - without erythrocyte membranes, curve 2 - in the
presence of peroxidized erythrocyte membranes, protein
concentration 5 mg/ml.

Discussion

Erythrophagocytosis in the reticuloendothelial
system is the usual fate of erythrocytes at the end of its
life span. From the teleological point of view it would be
advantageous for the organism if erythrophagocytosis
under physiological conditions would not comprise
respiratory burst and tissue damage. However, this
phenomenon might have its dark side. Several clinical
studies have shown that increased erythrophagocytosis
induces phagocyte dysfunction which may contribute to
increased susceptibility to infection under situations such
as burn injury (Pruitt and McManus 1984), salmonellosis
(Hook, 1961), or malaria (Schwarzer et al. 1992).

It was deduced that the erythrocyte content is
responsible for the macrophage dysfunction, as the
ingestion of erythrocyte ghosts had no effect on
macrophage function (Commins et al. 1990). However,
our study shows that even the washed erythrocyte
membranes inhibit respiratory burst induced by PMA.
This could have been caused by oxidative inactivation of
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protein kinase C, the effector of PMA signal. Currently,
we do not know the specific site of the pathway leading
from activated protein kinase C to superoxide production,
which has been affected. However, our results correspond
to the study which showed that phagocytosis of
Plasmodium falciparum malarial pigment hemozoin,
which

phagocyte, inactivates protein kinase C (Schwarzer ef al.

induces free radical production inside the
1993). In our experiments even the non-peroxidized
membranes contained some residual iron and it was
suggested in another study that hemoglobin-derived iron
with ROS

phagocytes (Loegering et al. 1996).

interacts to cause oxidant damage to
Inhibition of PMA-elicited respiratory burst was
higher in the presence of peroxidized membranes. This
preparation contained some extra iron from the in vitro
lipid peroxidation experiment and also the products of
membrane lipid peroxidation as revealed by fluorescence
measurements. In the recent study (Schwarzer et al.
2003) it has been shown that some stable products of
lipid peroxidation, specifically monohydroxy derivatives
of fatty acids, are toxic to phagocytes. This could explain
the increased inhibition by peroxidized membranes. The
highest mebrane concentration used in our study (5 mg
protein/ml) produced the same inhibition (60 %) as the
optimum concentration of monohydroxy fatty acid in the
afore mentioned study. We could not study higher
membrane concentrations, because the opacity of the
solution interfered with the chemiluminescence assay.
Inhibition of respiratory burst did not supress
* phagocytosis of the peroxidized membranes as revealed

References

by fluorescence microscopy. At the time of completed
phagocytosis we did not observe any change in protein
This different from the
experiments which showed the increase of nitrotyrosine

nitration. observation is
concentration in murine peritoneal macrophages activated
in vitro with interferon-y/lipopolysaccharide (Pfeifer et
al. 2001). Thus it
erythrocyte membranes does not activate iNOS and this

appears that phagocytosis of
effect is not dependent on membrane peroxidation.

In summary, we observed that erythrocyte
membranes inhibit PMA-elicited respiratory burst by a
mechanism that might involve oxidant dependent
inhibition of protein kinase C, and/or the related pathway
of superoxide production. The present study was not
designed to localize the specific site. This question should
be addressed in the future studies. Our experiments
proved that this effect is not caused by interference of the
membranes with the detection system which uses luminol
chemiluminescence. We demonstrated that autofluo-
rescence of peroxidation products can be used for
visualization  of

phagocytozed  membranes by

fluorescence  microscopy. Macrophages containing
ingested erythrocyte membranes do not contain protein-
bound nitrotyrosine. These observations imply a specific

mechanism of erythrocyte phagocytosis.
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Abstract

In the present study we used transgenic plants with genetically increased or decreased levels
of cytokinins. We investigated the effect of cytokinin level on the production of ethylene, a
plant hormone with suggested role in senescence, and the production of nitric oxide,
potentially important signalling and regulatory molecule. The production of these gases was
followed during the course of leaf development and senescence. The production of ethylene
and nitric oxide is under genetic control of genes other than those involved in regulation of
senescence. The difference in basic ethylene and NO levels in different tobacco cultivars was
higher than their changes in senescence. Our results do not indicate a direct link between
ethylene production and cytokinin levels. In accordance with the previous studies we
observed a decreased production of NO in senescent leaves. Low cytokinins level was
associated with increased NO production during leaf development. Protein nitrotyrosine
proved to be a better indicator of the reactive nitrogen species than measuring of the NO
production. Higher nitrotyrosine concentrations were found in insoluble proteins than in the
soluble ones, pointing to membrane proteins as the primary targets of the reactive nitrogen
species. In plants with elevated cytokinin levels the content of nitrated proteins decreased
both in soluble and insoluble fractions. This finding indicates an antioxidative function of

cytokinins against reactive nitrogen species.

Keywords: cytokinin, ethylene, leaf ageing, nitric oxide, reactive nitrogen species,

nitrotyrosine, tobacco
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1. Introduction

Leaf senescence is the final stage of leaf development under which the leaf cells
undergo a programmed cell death process, referred to as the senescence syndrome [17].
Certain hormones can trigger, accelerate, or even reverse the overall process of senescence by
activating specific genes. Therefore intervening in the hormonal signalling can modulate
senescence by many ways. It appears that signalling at the transcriptional level represents
only a coarse regulation of the onset of senescence, whereas the fine tuning of the process
takes place in post-transcriptional stages [21].

Senescence associated genes (SAG) can be also regulated by free radicals. Free
radicals are produced throughout the whole life span of plants and their high reactivity might
be responsible for the stochastic character of the loss of physiological functions with
increasing age. Oxygen-derived free radicals originate from the partial reduction of oxygen
molecules. The reactive nitrogen species are represented by NO and compounds formed
during interactions of nitric oxide with oxygen-derived free radicals.

[t was recognized that nitric oxide plays a role in plant growth, development and
senescence |14, 12]. The effects of NO in plants may be associated with hormonal network,
namely, ethylene [13], abscisic acid [5], and cytokinins signalling [23].

Nitric oxide can readily react with superoxide radical giving highly reactive and toxic
peroxynitrite [18]. Peroxynitrite attacks protein tyrosine with the formation of protein-bound
nitrotyrosine. It has been shown in an animal model that physiological protein nitration can be
selective, dynamic. and reversible, indicating the possibility of its use for signalling purposes
[2].

In the present study we have investigated the generation of ethylene, the supposed

inductor of senescence, in relation to the production of nitric oxide and its late products,



protein-bound nitrotyrosines. We employed tobacco plants with genetically increased or
reduced levels of cytokinins in order to elucidate the role of these plant hormones in reactive

nitrogen species metabolism.

2, Material and methods

2.1. Plants and cultivation
Two kinds of transgenic tobacco (Nicotiana tabacum 1..) plants with modulated cytokinin
levels were used together with corresponding control cultivars. We used tobacco plants with
prolonged life span of their leaves due to coupling of cytokinin synthesis to the promoter of
senescence related genes. In the Nicotiana tabacum cv. Wisconsin 38 the gene for isopentenyl
transferase was under control of SAG, promoter [6], i.e. when leaves approached senescence,
the synthesis of cytokinins was increased up to 100-fold [10] and the leaves were rejuvenated.
These plants were labeled as SAG. We compared these plants with Nicotiana tabacum cv.
Samsun NN in which cytokinin levels are decreased due to increased degradation. Cytokinin
content was lowered due to inserted gene AtCKX2 for cytokinin dehydrogenase from
Arabidopsis thaliana positioned under the control of a constitutive 35S promoter. The
cytokinin content in transgenic tobacco plants was approximately one third of that in controls
[24]. The plants of this group were labelled as CKX.

After in vitro pre-cultivation the plants were grown in a glasshouse under temperature
25/18 °C day/night. Day irradiation (overall integrated mid-values were ca. 500 pmol
(quantum) m™ s') was prolonged by the additional irradiation (PFD ca. 200 pmol (quantum)
m™ s™) to 16 hours.

We studied ageing within the age gradient of leaves of a single plant. After 13 weeks

the leaves were numbered according to the order in which they have budded, from the bottom



to the top 1 - 8. The neighbouring leaves were grouped together creating four groups
containing leaves 1+2 (the oldest), 3+4, 5+6, 7+8 (the youngest), respectively. In one
experiment we combined the leaves from three plants. This cultivation and sampling scheme
was repeated three times.

The detached leaves were used for the determination of NO and ethylene or frozen in

liquid nitrogen and stored at -70 °C until they were analysed.

2.2. Measurement of NO emission

The whole leaves were detached and immediately placed into the Al-foil covered 250
ml bottles that were filled with nitrogen and closed with silicon rubber stoppers. The leaves
were kept for 2 hours in the dark at 25 °C. Then the gaseous content of the bottles was
pumped into the NO analyser CLD 77 AM (ECO PHYSICS, Switzerland). NO was

determined by the method of ozone-stimulated chemiluminescence [8].

2.3. Measurement of ethylene emission

After NO analysis the bottles were filled with the air, sealed, and kept for next 2 hours
in the dark at 25 °C. Then 60 ml of the gas was extracted by a gas-tight syringe [25] and
applied on the Carbotrap 300 (Supelco, USA) desorption tubes. Tubes with the adsorbed
sample were placed into the concentrator (Tekmar Dohrmann 6000, USA), directly coupled to
the gas chromatograph Shimadzu GC 2010 (Japan). The samples were desorbed 4 min. at 250
°C and then were trapped at -165 °C. Thus concentrated samples were released by heating at
290 °C for 1 min and directly applied on the chromatographic column 23% SP-1700 (9.14 m x
2.1 mm, Supelco). As the carrier gas nitrogen was used at a flow rate of 20 ml/min. The

column temperature was set at 60 °C, the FID detector was adjusted at 230 °C. Ethylene



concentration was calculated from calibration curve constructed from ethylene standard

(Supelco).

2.4. Assay of nitrotyrosine

Nitrotyrosine was assayed in the fraction of soluble and insoluble proteins. The freeze-
dried leaves were homogenized in a phosphate buffer (0.1 M, pH 7.4) and the soluble fraction
was separated by centrifugation (10 000 g, 10 min.). The pellet was incubated in 0.5 M NaOH
overnight, and then adjusted by HCI to pH 7.8. The proteins content was assayed according to
Lowry [16]. Nitrated proteins were assayed by a competitive ELISA with the aid of

monoclonal antibodies developed in our laboratory [9].

2.5. Statistics Data represent the mean + S.E. Statistical evaluations were made using

ANOVA with Schefee post-hoc test.

3. Results

The tobacco plants were harvested when the oldest bottom leaves in control plants
turned yellow. At this stage, the lowest leaves in SAG plants stayed green. The CKX plants
differed markedly in their phenotype from their controls. This tobacco with lowered
cytokinins had bushy appearance, smaller and thicker leaves.

The control plants to the SAG group produced ethylene from 75 to 110 pmol/g fresh
weight/hour. This rate did not change significantly during ageing and the SAG plants did not
differ significantly from the control group.

The situation in the CKX plant is illustrated in Fig. 1. Production of ethylene in the

control cultivar of CKX tobacco was about four times higher than in controls of SAG tobacco.



The production of ethylene significantly increased in the leaves 5+6 in relation to the young
controls (leaves 7+8) and then the level returned to that of the young leaves. In the transgenic
CKX plants the production of ethylene of leaves 5+6 significantly decreased both in relation
to the young leaves and in relation to the leaves 5+6 of the control cultivar. During further
ageing the ethylene production approached the level of the young leaves.

The production of NO in the control cultivar of CKX tobacco was about three times
higher than in controls of SAG tobacco. The course of NO production during leaf ageing of
the CKX plants is shown in Fig. 2. In the control cultivar there was a statistically significant
(P< 0.05) decrease of the NO production in the oldest leaves (7+8). In the transgenic CKX
plants NO production increased in the leaves 3+4 more than four times, but this increase was
not statistically significant due to high dispersion of the measured values. However, the
subsequent decrease in the oldest leaves 142 was significant (P< 0.05) when compared to the
value of the leaves 3+4.

The production of NO in the control plants to the SAG group did not change in the
course of ageing and the SAG plants did not significantly differ from the control group.

Protein nitration represents another indicator of the activity of the reactive nitrogen
species. As the intracelular compartmentalization may play a decisive role, we tested both
soluble and insoluble protein fraction. Due to the minute amount of the material needed for
the assay we analyzed individual leaves.

The course of protein nitration in the soluble fraction of CKX plants is shown Fig. 3A.
In the control cultivar, statistically significant increase in protein nitration appeared in the old
leaves No.2. In the oldest leaves No.1 it was slightly decreased, but still was significantly
higher than in the young leaves. In the transgenic CKX plants the concentration of nitrated
proteins was practically constant throughout the life span up to the leaf No. 2, in the oldest

leaves No. 1 it was significantly increased.



The situation in the fraction of insoluble proteins is documented in Fig. 3B. Protein
nitration was much more pronounced in this fraction, being about fifty times higher than in
soluble proteins. In the control plants, protein nitration has steadily increased during ageing
up to leaf No. 3, when it reached maximum. Then, in the oldest leaves No. 2, and No. 1 the
level of nitrated proteins has returned to the values of young leaves.

The concentration of nitrated proteins in the SAG plants and their controls is shown in
Fig. 4. It is apparent that there are major differences from the CKX plants. The maximum
values in the soluble fraction are about four times higher than in the CKX plants, on the other
hand, the SAG group values in the insoluble proteins were about three times lower than in the
CKX plants.

The course of protein nitration of soluble proteins (Fig. 4A) indicates a steady growth
in the control group; the maximum reached in the leaves No. 1 was statistically significant
(P<0.05). The SAG transgenic plants did not produce any significant changes throughout the
whole life span.

In the fraction of insoluble proteins (Fig. 4B) there was a decreasing tendency in
protein nitration with increasing age of control plants, reaching minimum in the leaves No. 2.
The transgenic SAG plants had similar time course of protein nitration, however, in the leaves

No. 6 - 4 the levels were significantly lower.

4. Discussion

Our data indicate that the genetic control of the production of ethylene and nitric oxide
in tobacco goes beyond the senescence-associated genes, as the differences in the basic levels
of these compounds in the cultivars Wisconsin 38 and Samsun NN were higher than the

changes produced during ageing and senescence.



The production of ethylene increased only transiently in the cv. Samsun NN at the
time when leaves were not showing any signs of senescence. In the cv. Wisconsin 38 no
significant changes were observed throughout the whole life span of the leaves. These results
can be used as an argument against the direct role of ethylene in induction of senescence
suggested in previous studies [1, 20 11].

It appears that cytokinin level had little effect on the ethylene production during
senescence and there is probably no direct link between them.

Most of the studies of NO effects on plants have been accomplished with application
of artificial NO donors. Only few studies dealt with endogenous nitric oxide. In a recent study
NO was found, in pea plants, to be generated by peroxisomes [19, 4]. In the senescent leaves
the NO generation was reduced [4]. The concentrations of NO generated by leaves are very
low and even with our highly sensitive chemiluminescence detection system we measured the
values at the edge of instrument sensitivity and we obtained a great dispersion of the data. We
have found an indication that low cytokinin level might increase NO production during leaf
development; the terminal decrease of NO production was not dependent on the cytokinin
level.

Protein nitrotyrosine appears to be a better indicator of the involvement of reactive
nitrogen species. The ELISA technique is sufficiently sensitive and minimum amount of
biological material is needed for the analysis. We found again the great effect of the kind of
cultivar both on the overall nitrotyrosine concentration and its distribution between soluble
and insoluble proteins. Generally, the higher nitrotyrosine concentrations were found in the
insoluble proteins, suggesting that membrane proteins are exposed to higher fluxes of reactive
nitrogen species. In the control cv. Samsun NN, there was a tendency for the terminal increase
in protein nitration in the soluble fraction that did not depend on the cytokinin level. On the

other hand, in the fraction of insoluble proteins, protein nitration increased during senescence



of plants with Jow cytokinins level. In the plants with elevated cytokinin levels there was a
generally lower concentrations of nitrotyrosine both in soluble and insoluble protein fraction.
This finding might represent the protective effect of cytokinins against the damage by reactive
nitrogen species. Similar cytokinin action against reactive oxygen species has been found in
previous studies [15, 3, 7, 22].

There was no correlation between NO generation and the concentration of protein
nitrotyrosine. This may indicate that NO preferentially reacts inside the cell and the gas
measured extracellularly represents only the remnants that escape from the intracellular

reactions.
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Captions to the figures

Fig. 1. Emission of ethylene from tobacco leaves of different age. Black columns = control
tobacco cv. Samsun NN; shaded columns = transgenic tobacco CKX plants. Leaves were
numbered from the bottom (the oldest) to the top (the youngest). Statistical significance:

* P<0.05 related to the young leaves 7+8.

Fig. 2. Emission of NO from tobacco leaves of different age. Black columns = control tobacco
cv. Samsun NN; shaded columns = transgenic tobacco CKX plants. Leaves were numbered as

in Fig. 1. Statistical significance: * P<0.05 related to the young leaves 7+8.

Fig. 3. Protein nitrotyrosine concentration during leaf ageing in CKX plants. Panel A —
soluble proteins fraction, panel B — insoluble protein fraction. Full circles — control cultivar
Samsun NN, open circles — transgenic plants. Statistical significance: * P<0.05 related to the

young leaves.

Fig. 4. Protein nitrotyrosine concentration during leaf ageing in SAG plants. Panel A — soluble
proteins fraction, panel B — insoluble protein fraction. Full circles — control cultivar
Wisconsin 38, open circles — transgenic plants. Statistical significance: * P<0.05 related to the

young leaves; + P<0.05 related to corresponding controls.
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The effects of reactive oxygen and nitrogen species during yeast replicative ageing.
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Abstract. Free radicals are considered the most important cause of cellular ageing. We have
investigated ageing process in the yeast Saccharomyces cerevisiae. We have compared the
wild type strain with the mutant cells with constitutively active Ras oncogen, which generates
increased amounts of free radicals. Increased generation of oxygen-derived free radicals
resulted in the Ras mutant cells accumulation of lipofuscin-like pigments during ageing.
Ageing wild type cells did not accumulate lipofuscin-like pigments. This is quite unique
feature among known biological models. It may be caused by increased concentration of
alpha tocopherol (the most prominent lipophilic antioxidant) in the wild type cells. In contrast,
the Ras mutant cells contained decreased levels of alpha tocopherol even in the young cells.
This observation indicates that the increased free radical generation can overwhelm the
endogenous antioxidant system. We have documented the involvement of nitrogen-derived
free radicals in the yeast metabolism. Protein nitrotyrosine, a marker of the reactive nitrogen
species, has significantly increased in the senescent Ras mutant cells. The wild type cells
contained basic level of nitrotyrosine corresponding to its concentration found in non-

activated mammalian macrophages.

Keywords: Free radicals, Lipofuscin-like pigments, Nitrotyrosine, Yeast, Ageing



1. Introduction

Yeast represents a simple model for cellular ageing studies. It is similar to ageing of
cells of higher organism as it exhibits replicative ageing (expressed as the limited number of
mitotic divisions that an individual cell can complete). Yeast ageing is also well characterized
in terms of morphological and biochemical changes [4, 9, 10]. This model is easy to handle
because of the short life span and the ease of genetic analysis and manipulation. The old cells
are bigger than young cells and can be separated by centrifugation.

The free radical theory of ageing, originally formulated by Harman [5], is also
applicable to yeast. It has been shown in several studies that increased burden of free radicals
on cells of the yeast Saccharomyces cerevisiae leads to a shortening of their replicative life
span [11, 13].

Recently it has been shown that an accumulation of mutations in genomic DNA can be
ruled out as a cause of yeast ageing [13]. This opens up the possibility that oxidative damage
to cellular material other than DNA could play a decisive role in ageing mechanism.

We aimed our present study at the free radical-mediated oxidative damage to
membranes, assessed on the basis of formation of the fluorescent end products of lipid
peroxidation. These are the so called lipofuscin-like pigments (LFP) which characteristically
accumulate in aged cells [16] and are used as a marker of oxidative damage [8-10]. Apart
from oxygen-derived free radicals, we can also encounter the free radicals derived from
nitrogen species, especially from NO in a cell. The principal damaging reactive nitrogen
species is peroxynitrite. This, however, is difficult to measure due to its short half-life [1].
Therefore, the product of its reaction with protein tyrosine, 3-nitrotyrosine, is generally used
as a marker of reactive nitrogen species [7]. The effects of free radicals are under

physiological conditions balanced by elaborate antioxidant systems. As a measure of



antioxidant ability of the yeast we used the level of endogenous a-tocopherol, the principal
non-polar antioxidant.

We compared the effects of ageing in the wild-type cells and in the mutant cells with
constitutively active Ras allele, which were shown to generate increased amounts of free

radicals throughout the life span [6].

2. Material and methods

2.1. Yeast strains and media

A wild-type yeast strain of Saccharomyces cerevisiae JC 482 and a mutant RAS2val19
derived from it with constitutively active protein kinase A [14] were used in the experiments.
Liquid YPD medium (2% glucose, 1% yeast extract, 2% bactopeptone in H,O) was used for

growing of the yeast cells.

2.2. Cell separation

Cells were separated into fractions according to their diameter using the Beckman elutriation
system and rotor JE-6B with a standard elutriation chamber as described in a previous
publication [11]. For the present experiments we used young cells from fraction II (uniform
small cells with a diameter of 5 - 7 um, 70% of which were virgin cells) labelled as group Y,
old presenescent cells from fraction IV (diameter of 8.5 - 10 um) labelled as group P, and old

cells undergoing senescence from fraction V (diameter10 - 15 um) labelled as group S.

2.3. Fluorescence measurement



For the analysis of LFP we used the technique developed in our laboratory [17], based
on the original method of Goldstein and McDonagh [3]. One ml of frozen cell suspension was
added to 4 ml of chloroform-methanol mixture (2:1, v/v) and extracted for 1 hour on a motor-
driven shaker. After extraction, 2 ml of distilled water was added, mixed, and the mixture was
centrifuged (400 g, 10 min). After centrifugation, the lower chloroform phase was separated
and used for measurements. Three-dimensional fluorescence spectra were measured on the
spectrofluorometer Aminco Bowman series 2 (ChromSpec company, Prague). The excitation
spectra were measured in the range of 300 - 420 nm for emission wavelengths adjusted
between 370 - 550 nm. The quantitative estimation of LFP was based on the excitation and
emission maxima found in 3D spectral arrays. The fluorometer was calibrated with the
standard No. 2 of the instrument manufacturer and the LFP concentration was expressed in
relative fluorescence units per mg of protein assayed according to Lowry [12]. The
synchronous fluorescence emission spectra were measured in the range of 260 - 570 nm. The
best resolution was obtained with constant difference of 35 nm between excitation and

emission wavelength.

2.4. ELISA estimation of 3-nitrotyrosine

Cells were stored as a suspension at —~70 °C. They were ruptured by repeating three
cycles of thawing and re-freezing. The final solution was centrifuged at 8000 g for 10 min.,
and the supernatant was diluted four times with Tris/saline buffer pH 8.4 and taken for the
analysis. We adapted a competitive ELISA for estimation of 3-nitrotyrosine in serum proteins

as described in our previous study [2].



2.5. Assay of a-tocopherol

Alpha tocopherol was assayed by the HPLC method described in our previous study
[15]. Briefly, one ml of cell suspension was extracted into n-hexane. The extract was
evaporated under nitrogen and re-dissolved in methanol. The methanolic solution was
analyzed on C-18 column with fluorescence detection (excitation 290 nm, emission 330 nm).

The amount of a-tocopherol was calculated using external standard.

2.6. Statistics

The statistical evaluations were made using ANOV A with Scheffe post-hoc test, and

the results are shown as means £ SEM.

3. Results

We have characterized the lipophilic fluorescent end products of lipid peroxidation by
measuring the 3D spectral arrays. The typical example is illustrated in Fig. 1. There were no
qualitative differences in the spectra of young or old cells, either from wild type or Ras
mutant.

Therefore, we have chosen the major peaks at 340/400 nm, 317/420 nm, and 310/380
nm (excitation/emission) for quantitative evaluation. The results shown in Fig. 2 are
expressed as a percentage of the value of the young cells that represents 100%. The upper
panel documents the situation in the wild type cells, the lower panel in the Ras mutant. A
striking characteristic of this analysis is that the concentration of fluorophores in the wild type

cells decreases during ageing, whilst in the Ras mutant the levels of these fluorophores are



increasing. The decrease in the wild type cells was quite uniform for all the three
fluorophores. On the other hand, changes of the individual fluorophores during ageing of the
Ras mutant differed, the highest increase (208% of young cells) was found in the fluorophore
310/380 nm in the group P. In all fluorophores from the Ras mutant we observed a slight
decrease in groups S relative to the maximum found in the group P.

The synchronous fluorescence spectra offer another tool of analysis of complex
mixtures of compounds, such as we encounter in this case. The appearance of the spectra
represents a "fingerprint” of a given mixture and it is sensitive to changes in the overall
composition. Fig. 3 shows the spectra of the wild type cells. The upper panel represents the
group Y, the lower panel the group P. These spectra were measured with a constant difference
of 35 nm. The arrow indicates a fluorophore 455/490 nm, the intensity of which increased
during ageing relative to fluorophores with emission around 350 nm.

When we compare these spectra to those of Fig. 4, which represent the situation in the
Ras mutant, we see the increased amount of the fluorophore 455/490 nm already in the young
cells. As even the young Ras cells produce increased amounts of free radicals, the fluorophore
455/490 nm might represent the specific product of free radical attack. Its concentration is not
further increased during ageing.

Further we studied the products of the attack of reactive nitrogen species on soluble
proteins as measured by protein nitrotyrosine. Our data represents the first detection of
nitrated proteins in the yeast. The results are summarized in Fig. 5. It shows statistically
significant (P<0.001) increase in protein nitrotyrosine in the group S of the Ras mutant cells.
This value was significantly higher both to the young Ras cells and to wild type cells of the
same age.

The overall oxidative status of the cells can be assessed on the basis of the levels of

endogenous antioxidants. As we measured the oxidative damage in the lipidic fraction, we



assayed the levels of endogenous a-tocopherol, the principal lipophilic antioxidant. The
results are summarized in Fig. 6. In the wild type cells the concentration of a-tocopherol was
significantly higher in the group P than in the young cells and increased even further in the
group S. In the Ras mutant cells the concentration of a-tocopherol in the young cells was
about five times lower than in the young wild type cells and it did not change significantly
during ageing. In all groups of the Ras cells the levels of a-tocopherol were significantly

lower than in the corresponding groups of the wild type cells.

4. Discussion

The increased production of free radicals in the Ras mutant cells has its consequences
at several organizational levels.

The lipofuscin-like pigments represent the stable end-products of free radical attack on
the lipophilic fraction of the cell in several biological systems and their concentration
increases with age (for a review see [20] ). It appears that yeast can metabolize or degrade
these compounds, as the wild type cells were able to decrease their concentration during
ageing. This is a unique feature among so far described biological models.

On the other hand, the Ras mutant cells produced increased amounts of fluorescent
end products during ageing. This phenomenon supports the view of cumulative damage effect
of free radicals. A yeast-specific feature was represented by the terminal decrease in LFP of
senescent cells relative to the aged "healthy"” cells. Individual LFP fluorophores behaved
independently in the course of ageing which suggests a specific metabolism of these
compounds. The fact that the same fluorophore was observed in the synchronous spectra of
aged wild type cells and in the young Ras cells supports the existence of a role of free radicals

in cellular ageing.



This study documents the formation of protein nitrotyrosine in the yeast. The overall
nitrotyrosine concentration in the yeast was found at the level of resting mammalian
macrophages [19]. The significant increase of protein nitrotyrosine was detected in senescent
Ras mutant cells indicating the interaction with the reactive oxygen species. Otherwise, the
basic level of protein nitrotyrosine did not change during ageing and no significant changes
were observed in the wild type cells.

The increased production of free radicals during ageing is revealed by the increase in
tocopherol concentration in aged wild type cells. This might represent a compensatory
mechanism protecting the ageing cells. On the other hand, tocopherol concentration was
diminished even in the young Ras mutant cells. It appears that the antioxidative defences were
overwhelmed in these cells as they were not able to elevate the decreased tocopherol level in

the course of ageing.

5. Conclusion

In summary, the present study documents that increased production of free radicals
can eliminate the endogenous antioxidant system which results in accumulation of LFP during
ageing. The wild type yeast is evidently able to compensate for the increased free radical
production during ageing and prevent accumulation of LEP. This study presents evidence of

the generation of reactive nitrogen species in the yeast.
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Figure legends

Fig. 1. Tridimensional spectral array of the yeast chloroform extract. The ordinate shows
fluorescence intensity in arbitrary units. This spectra represent the typical example of LFP
fluorescence. It shows the situation in the young wild type cells. Spectra from other groups

did not differ in their appearance from this one.

Fig. 2. Quantitative evaluation of individual fluorophores. The upper panel shows the changes
in the wild type cells, the lower panel in the Ras mutant cells. The results are expressed in
percentage related to the value of young cells (group Y). Statistical significance: * P<0.05,

#* P<0.01, *** P<0.001.

Fig. 3. Synchronous fluorescence emission scan of the chloroform extracts from the wild type
cells. It was measured with difference of 35 nm between excitation and emission wavelength.
The upper panel shows group Y, the lower panel group P. The ordinate shows fluorescence
intensity in arbitrary units. The arrow indicates the position of the peak which increased

during ageing.

Fig. 4. Synchronous fluorescence emission scan of the chloroform extract from the Ras

mutant cells. For the description see Fig. 3.

Fig. 5. Nitrotyrosine concentration in yeast soluble protein fraction. Black columns - wild
type cells, grey columns - Ras mutant cells. Statistical significance: *** P<0.001 in relation

to group Y, +++ P<0.001 in relation to Ras cells group S.

Fig. 6. Total concentration of a-tocopherol in the yeast. Black columns - wild type cells, grey
columns - Ras mutant cells. Statistical significance: * P<0.05, ** P<0.01 in relation to the
group Y of wild type cells; +++ P<0.001 in relation to the corresponding group of the wild

type cells.
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Cartilage oligomeric matrix protein (COMP) is a
lligh-molecular-weight glycoprotein found at a high
oncentration in articular cartilage. Recent studies
flave shown that the joint fluid and serum levels of
itigenic COMP, measured by an enzyme-linked im-
munosorbent assay (ELISA) which uses a polyclonal
antiserum raised against bovine COMP, provide im-
portant information about metabolic changes oc-
imrring in the cartilage matrix in joint disease. In this
report, we describe the specificity of three monoclonal
antibodies (mAbs) to human COMP and their use-
fulness in quantifying antigenic COMP fragments in
body fluids. Two of the mAbs (16-F12 and 18-G3) recog-
nized both oligomeric and monomeric forms of COMP,
but the third (17-C10) reacted positively only with the
former. Immunoblots of human COMP, predigested
with trypsin for up to 6 h, showed that the three mAbs
are directed against different epitopes identified on
small tryptic fragments of 30 kDa (16-F12), 25 kDa (17-
(10), and 40 kDa as well as 30 kDa (18-G3), respec-
lively. The antibodies also recognized a different pat-
Etern of fragments in human pathological synovial flu-
ids. This was particularly striking in the case of the
Imedium size fragments (16-F12: 90 and 110 kDa; 17-
C10: 70 and 90 kDa; 18-G3: up to five bands from 70
lo 130 kDa). Competitive indirect inhibition ELISAs
developed with mAbs 16-F12 and 17-C10 revealed fur-
ther differences in the specificities of these antibodies.
Thus, while mAb 16-F12 can be used only to quantify
antigenic COMP in human synovial fluid and serum,
mAb 17-C10 is useful in addition when analyzing ca-
nine and horse synovial fluid as well as canine serum.

' To whom correspondence should be addressed at Institute of
Rheumatology, Na slupi 4, 128 50 Praha 2, Czech Republic. Fax:
42)-(2)-24914451. E-mail: vilim@mbox.cesnet.cz.
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The results of analyses of synovial fluid samples from
patients with osteoarthritis and rheumatoid arthritis
provided preliminary evidence in support of the con-
tention that measurement of the different COMP epi-
topes recognized by these mAbs in body fluids could
prove useful in the clinical assessment of patients with
joint disease. © 1997 Academic Press

Key Words: cartilage oligomeric matrix protein
(COMP); matrix degradation; monoclonal antibodies;
synovial fluid; serum; ELISA.

Cartilage oligomeric matrix protein (COMP)? is an
anionic, noncollagenous protein of high molecular
weight (>500 kDa) present in the extracellular matrix
of articular, nasal, and tracheal cartilages (1-3), the
Swarm rat chrondrosarcoma (4), and bovine tendon (5,
6). Sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE), performed under reducing con-
ditions, has shown that COMP is composed of five iden-
tical subunits exhibiting a molecular mass of approxi-
mately 120 kDa (1, 3). As the protein moiety of each
subunit has a calculated molecular mass of only 82.4
kDa (7), it has been suggested that it is substituted
with quite a few N-linked oligosaccharides (1, 3, 8).
The subunits are assembled in a five-stranded a-helical
bundle at their N-terminal end (9); the pentameric bou-
quet-like structure has been confirmed by electron mi-

2 Abbreviations used: COMP, cartilage oligomeric matrix protein;
ELISA, enzyme-linked immunosorbent assay; mAb, monoclonal anti-
body; OA, osteoarthritis; RA, rheumatoid arthritis; SF, synovial fluid;
HRP, horseradish peroxidase; ACL, anterior cruciate ligament; PBS,
phosphate-buffered saline; BSA, bovine serum albumin; ACLT, ante-
rior cruciate ligament transection.
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toscopy (2, 4). COMP is a member of the thrombospon-
din family of extracellular calcium-binding proteins in-
inlved in cell proliferation, adhesion, and migration (7,
4.10). Cloning and sequence analysis of COMP ¢cDNA
stablished that there is a high homology of COMP
I the thrombospondins, both in the carboxyl-terminal
bmain and in the calcium-binding domain (7). The
native form of COMP, like the thrombospondins, can
ie extracted from tissues in relatively high yield with
uffers that contain ethylenediaminetetraacetic acid

EDTA) (2, 6).

- The highest levels of COMP are found in articular
lartilage where it constitutes approximately 1% of the
et weight (1). In immature rat (1) and fetal human
\3) articular cartilage, COMP is preferentially localized
[in the territorial matrix directly adjacent to the chon-
Irocyte. In normal adult human articular cartilage,
owever, COMP also has been detected in the interter-

itorial matrix, especially in the deeper layers (3).

COMP is no longer thought to be a cartilage-specific

glycoprotein since it also is present in significant

imounts in tendon (5, 6). Immunostaining of adult and

Ital bovine tendon revealed intense staining for anti-

genic COMP in the connective tissue surrounding the

endon bundles and in the areas around the collagen
ibers (5); with age, the punctate staining around colla-

een fibers increased in intensity (5).

While the function(s) of COMP in cartilage is not
llear, recent studies have suggested it plays important
wles in chondrogenesis (11), the maintenance of the
thondrocytic phenotype (1), and the interaction of the
thondrocyte with its surrounding matrix (2). The struc-
ure of COMP predicts that it may bind to one or sev-
tral interaction partners, a functional feature of all
louquet-like proteins (4), and that the binding may
\ake place via calcium-dependent interactions (7). The
iimportance of calcium binding to the function of COMP
s supported by the recent discovery that mutations
Wwithin the highly conserved calcium-binding domain of
ithe COMP gene cause pseudoachondroplasia and mul-
liple epiphyseal dysplasia (12, 13).

During the past decade, both basic and clinical stud-
ies have provided evidence in support of the contention
that quantification of cartilage-derived molecules, such
s antigenic COMP, in body fluids can prove useful in
identifying metabolic changes occurring in the matrix
if this shock-absorbing tissue (14). In joint fluid, these
marker molecules provide information about specific
tatabolic or anabolic processes in the cartilaginous tis-
sues within that joint (15). In blood or urine, they have
helped detect systemic changes or abnormalities affect-
Ing most or all cartilaginous structures in the body (14).
Measurements of these body fluid markers of metabolic
processes already have helped identify increased cata-
bolic as well as anabolic activities in articular cartilage
from patients with joint disease (14). Recent reports

support the contention that some body fluid markers
of metabolic processes are potentially useful for moni-
toring disease activity (16), identifying metabolic alter-
ations in articular cartilage prior to the development
of clinical signs of disease (17), examining responses of
the cartilaginous tissues to treatment (18), and evalu-
ating long-term prognosis (19).

Antigenic COMP has received much attention for its
role as a molecular marker of alterations in cartilage
metabolism (20-22). Not unexpectedly, this molecular
marker, measured by an enzyme-linked immunosor-
bent assay (ELISA) using a rabbit polyclonal antiserum
directed against bovine articular cartilage COMP, is
present at a higher concentration in synovial fluid (SF)
than in serum (20). Importantly, the levels in these two
body fluids correlate positively with one another (20—
22). Recent reports that levels of antigenic COMP in
SF and serum may have prognostic value in the clinical
evaluation of patients with rheumatoid arthritis (RA),
osteoarthritis (OA), and other joint diseases are excit-
ing (16, 23~26). In one of these studies, a high serum
level of antigenic COMP during the early stages of RA
was shown to be predictive of rapid hip joint destruc-
tion (23). In another study, this time of patients with
clinical knee OA, serum antigenic COMP levels sig-
nificantly increased during the first year in those pa-
tients who showed decreased joint space or required
knee surgery, compared to those who did not (26).
These and other findings have led Saxne and Heine-
gard to suggest that at both early and later stages of
OA, the measurement of antigenic COMP levels in se-
rum might be useful for prognostic purposes (16).

Until now, levels of antigenic COMP in SF and serum
have been quantified using a polyclonal anti-bovine
COMP antiserum (16, 20—27). In this paper, we pres-
ent the characterization of monoclonal antibodies
(mAbs) to human COMP and demonstrate that they
recognize different fragments of antigenic COMP in
human joint fluid. We show that the antibodies can be
used in quantitative ELISAs and provide evidence that
the pattern of fragments present in joint fluids from
OA and RA patients may be disease-specific.

EXPERIMENTAL PROCEDURES

Materials

Horseradish peroxidase (HRP)-conjugated porcine anti-mouse im-
munoglobulins used in the course of hybridoma screening were from
USOL (Praha, Czech Republic). HRP-conjugated goat anti-mouse
IgG used in the immunoblotting experiments and antibody typing
kit were from Pierce Chemical Co. (Rockford, IL). HRP-conjugated
goat anti-mouse immunoglobulins (polyvalent) used to develop the
competitive indirect inhibition ELISAs, hyaluronidase from Strepto-
myces hyalurolyticus (EC 4.2.2.11), trypsin from bovine pancreas
(TPCK-treated), and polyethylene glycol (Hybri-Max, MW 1300-
1600) were purchased from Sigma Chemical Co. (St. Louis, MO).
Microtiter plates (Nunc-Immunoplate ! F with certificate) and Micro-
Well Plates (low binding) were from Nunc (Kamstrup, Denmark).



?

10 VILIM ET AL.

Nitrocellulose membranes and chemicals for SDS-PAGE were from
Bio-Rad Laboratories (Hercules, CA) and Q-Sepharose was from Pha-
macia Biotech (Piscataway, NJ). All other chemicals were of analyti-
al grade.

When appropriate for therapeutic or diagnostic reasons, SF sam-
jles were collected by aspiration from the knec joints of 35 patients
sitending outpatient clinics. Seventeen patients had primary OA of
the knee: 7 women with a mean =+ standard deviation (SD) age of
8 + 8 years (range 46-74) and 10 men with a mean * SD age of
6 = 10 years (range 43-84). Seventeen patients had RA: 14 women
with a mean = SD age of 59 = 13 years (range 27-78) and 3 men
with a mean = SD age of 66 = 8 years (range 57-77). The SF from
‘ne male patient (age 21 years) presenting with anterior cruciate
lgament (ACL) injury was also included. After collection, SF samples
ere centrifuged, aliquoted, and frozen at —70°C until utilized. All
JA and RA patients fulfilled established diagnostic criteria of the
dmerican Rheumatism Association (28, 29). In this preliminary
study with a very small number of patients, no attempt was made
‘o characterize the patients with respect to disease severity, number
1u[joints involved, etc. Normal human and animal sera and animal
5Fs were collected at the Department of Biochemistry, Rush-Presby-
srian-St. Luke's Medical Center (Chicago, IL).

Preparation of Antigen

Full-depth slices of macroscopically normal human articular carti-
Jage were removed from the femoral heads of two individuals aged
8 and 22 at the time of autopsy. Tissues were stored at —70°C until
wrocessed. The dissected cartilage slices were pooled, sectioned on a
Ireezing cryostat at 20 um, and extracted with Dulbecco’s phosphate-
wffered saline (PBS), pH 7.4 (without Ca** and Mg®*), containing
10 mM EDTA and proteinase inhibitors (5 mM phenylmethylsulfony!
luoride, 5 mM benzamidine—HCI, 5 mM 6-aminchexanoic acid, and
3 mM N-ethylmaleimide). The extract was chromatographed on a
wolumn of Q-Sepharose eluted with a gradient of NaCl (0.1 to 1 M)
n the presence of 7 M urea (30). The material that eluted as a sharp
seak at 0.2-0.3 M NaCl was collected; its mobility in SDS-PAGE
under reducing and nonreducing conditions confirmed its identity
s COMP. The appropriate fractions were pooled, dialyzed against
I,:distilled water, and lyophilized.

Monoclonal Antibody Production

Six-week-old female BALB/c mice were immunized intraperitone-
dlly with human articular cartilage COMP, isolated as described
ubove, in complete Freund's adjuvant. Animals were boosted with
an intrasplenic injection of the antigen in PBS, pH 7.2, 8 weeks later.
I}Splenocytes of irmmunized mice were isolated after 4 days and fused
with cells of myeloma line Sp2/0 (31). Hybridoma supernatants were
screened by ELISA for the presence of mouse immunoglobulins and
then for the presence of antibodies against the original immunizing
bintigen. Briefly, mice immunoglobulins in culture media were de-
Fected on microtiter plates coated with porcine anti-mouse immuno-
globulins (2 pg/ml). Culture media from positive wells were further
lested for the presence of specific antibodies by ELISA on microtiter
plates coated with human COMP (1 pg/ml). Positive colonies of hy-
fridomas were expanded and subcloned at least twice by the method
pf limiting dilution; culture media were further tested by immu-
hoblotting against reduced and nonreduced antigen. Threc hybrido-
Inas (16-F12, 17-C10, and 18-G3) were used to produce ascitic fluids
by the intraperitoneal injection of 10° cells into male BALB/c mice
previously primed with an injection of Freund's incomplete adjuvant.
Ascitic fluids were harvested 10-14 days later.

Enzymatic Digestions of COMP

Trypsin. Nonreduced, oligomeric COMP was dissolved in 10
mm CaCl,/50 mM Tris buffer, pH 8.0. The temperature of the solu-

tion was adjusted to 37°C, and TPCK-trypsin was added at the
enzyme:substrate ratio of 1:50 (w/w). Aliquots of the digestion mix-
ture were taken at the following time points: 0 min (prior to the
addition of the enzyme), 5 min, 15 min, 45 min, 90 min, 3 h, and
6 h; the digestion was stopped by adding an equal volume of twice-
concentrated nonreducing SDS-PAGE (32) sample buffer and
boiling for 5 min.

Hyaluronidase. Samples of SF were first adjusted to 5 mm with
EDTA; hyaluronidase from S. hyalurolyticus was dissolved in 0.1 M
NaCl, 0.1 M sodium acetate, pH 6.0, at 200 U/ml. Twenty units (100
ul) of the enzyme was added to 1 ml of SF and the digestion was
carried out at 37°C overnight.

Electrophoresis and Immunoblotting of COMP and
COMP Fragments

The purity of the COMP preparation used as the immunizing anti-
gen was ascertained by electrophoresis under reducing and nonre-
ducing conditions in a 1.6-16% gradient gel (33). After SDS-PAGE
the gel was stained with Coomassie brilliant blue R-250. The COMP
preparation (reduced or nonreduced) used as immunizing antigen
and samples of SF {nonreduced) were electrophoresed in 4-15% gra-
dient gels (32) and transferred onto nitrocellulose membranes in 15
mM sodium borate at 25 V overnight. The membranes were blocked
with 5% skim milk in PBS, pH 7.2, at 37°C for 1 h. Primary as well
as secondary antibodies were diluted 1:1000 in 2% skim milk in PBS,
pH 7.2. The peroxidase reaction was developed using 4-chloro-1-
naphtol as a chromogen. Densitometric analysis of SF immunoblots
was performed on a Macintosh Quadra 610 computer using the public
domain NIH Image program (developed at the U.S. National Insti-
tutes of Health and available on the Internet at http://rsb.info.nih.-
gov/nih-image/).

Quantification of Antigenic COMP by Competitive
Indirect Inhibition ELISA

The competitive indirect inhibition ELISA for COMP was per-
formed essentially as that previously described for the quantification
of antigenic keratan sulfate {34, 35) with minor modifications.

Antibodies. Anti-COMP mAbs 16-F12 and 17-C10, as prepared
above, were used in the COMP ELISAs. HRP-conjugated goat anti-
mouse immunoglobulins (polyvalent) were used as the detector anti-
bodies.

COMP standard antigen and plate-coating antigen. The same
preparation of human articular cartilage COMP, isolated as pre-
viously described and used as the immunizing antigen, was also used
for both COMP standard and plate-coating antigen in all ELISAs.
The lyophilized material was dissolved in PBS containing 10 mm
EDTA, pH 7.0, aliquoted, and frozen until needed.

Plate coating. Coating buffer [20 mM carbonate/bicarbonate, pH
9.2, 0.002% (w/v) sodium azide| containing human articular cartilage
COMP at 5 ug/ml (50 pl) was introduced into each well of a Nunc-
Immuno plate. The plate was covered with plate-sealing tape and
kept at 4°C until used.

Inhibition step. Antibody titer procedures established that the
appropriate initial dilution for both mAb 16-F12 and mAb 17-C10
ascites fluid was 1/40,000 in PBS-0.05% Tween 20, 1% bovine serum
albumin (BSA), pH 7.0. Seventy microliters of the initial dilution of
the mAb being used was added to 70 ul of the COMP standard or
unknowns diluted in PBS-0.05% Tween 20, pH 7.0, in a Nunc Micro-
well plate. These monoclonal antibody—-COMP inhibition mixtures
were maintained at 4°C.

ELISA. The standard test was performed as follows: coated wells
were washed (3X 5 min with PBS-0.05% Tween 20, pH 7.0) to re-
move excess antigen and blocked prior to use by incubating for 60
min with 100 ul of PBS, 5% BSA, pH 7.0. The blocked, coated wells
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wre washed and incubated for 60 min at 4°C with 100 zl of the
“iibition mixture (monoclonal antibody plus antigen) prepared as
wscribed above. The plates were then washed and 100 pl of HRP-
unjugated rabbit anti-mouse (polyvalent) antibody was placed into
Jewells. After incubating for 60 min at room temperature, unbound
utibody was removed by washing and 100 pl of substrate (o-pheny-
wediamine plus H,0,) was placed into the wells for 30-60 min at
wm temperature. The production of chromophore was stopped by
e addition of 25 pl of 2 M H,SO,4. The plates were read in a plate
ader at a wavelength of 490 nm. Concentrations of antigenic COMP
wre determined using the four-parameter logistic function equation
W=(a— @/l +(¥9" + d. where parameters a and d are the
symptotic maximum and minimum values, respectively, b is the
‘ope parameter, and parameter ¢ is the x value at the inflection
Jint. The results are expressed as equivalents of a standard of hu-
san antigenic COMP (zg/ml), purified as previously described, and
sereported as means * SD of triplicate analyses.

Statistical Analysis

Differences between SF levels of antigenic COMP in patient popu-
adons (OA vs RA) were assessed using the nonparametric Mann—
Ibitney U test. Differences between the levels in the two ELISAs
16-F12 vs 17-C10) were compared by the Wilcoxon matched-pairs
dmed-ranks test. Correlations between SF levels of antigenic COMP
‘ktermined by the two ELISAs (mAb 16-F12 vs 17-C10) were calcu-
ated using the Pearson product moment correlation in each patient
wpulation (OA and RA)

{ESULTS

Characterization of Monoclonal Antibodies to Human
COMP

Three hybridoma clones (16-F12, 17-C10, and 18-G3)
tere identified based on the ability of the antibody they
ynthesized to recognize oligomeric human COMP. All
liree mAbs were IgG1 (k chain) and recognized the
wnreduced oligomeric antigen on immunoblots (Fig.
). The reduced COMP monomer, with a molecular
nass of approximately 100 kDa, was recognized by

‘mAbs 16-F12 and 18-G3 but not by mAb 17-C10 (Fig.
). Interestingly, the immuncbliots performed on the
educed standard also revealed a fainter band (with a
nolecular mass of approximately 80 kDa): this mole-
wule that was also recognized only by mAbs 16-F12 and
18-G3 probably represents the unglycosylated form of
he COMP monomer. To help further probe possible
jifferences in specificity of the three mAbs, immu-
loblots also were performed on fragments produced by
rypsin digestion (5 min to 6 h) of oligomeric COMP in
the presence of 10 mM calcium (2). The three mAbs
letected different patterns of trypsin-generated frag-
ments (Fig. 2), thereby demonstrating that they are
directed against different epitopes. One or, in the case
if mAb 18-G3, two small fragments predominated at
the later time points. Importantly, the size of the frag-
ment varied from mAb to mAb (16-F12: ~30 kDa; 17-
£10: ~25 kDa; 18-G3: ~40 kDa with a smaller frag-
ment of ~30 kDa). The 30-kDa fragment recognized
by mAb 16-F12 reached near maximum concentration
within 5 min and was resistant to further cleavage: the
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FIG. 1. Western blot analysis of human antigenic COMP. The hu-
man antigenic COMP preparation used as the immunizing antigen
was subjected to SDS-PAGE (2 pg protein/lane) in 4-15% gradient
gels under nonreducing (lanes 1-3) and reducing (lanes 4-6) condi-
tions, transferred onto nitrocellulose, and immunodetected using
anti-human COMP mAbs 16-F12 (lanes 1 and 4), 17-C10 (lanes 2
and 5), and 18-G3 (lanes 3 and 6), respectively, as described under
Experimental Procedures. The positions of migration of the molecu-
lar weight standards are indicated.

intensity of staining of this band did not diminish even
after 6 h incubation with trypsin (Fig. 2A). This frag-
ment was also recognized by mAb 18-G3 (Fig. 2C). The
major fragment recognized by mAb 18-G3 was, how-
ever, a 40-kDa band that first appeared in the digest
after 45 min (Fig. 2C, lane 4). Neither the 30-kDa nor
the 40-kDa fragment was detected by mAb 17-C10 (Fig.
2B). The major fragment recognized by mAb 17-C10
first appeared in the digest after 45 min (Fig. 2B, lane
4); its molecular mass was 25 kDa. Interestingly, only
mAb 18-G3 recognized tryptic fragments after reduc-
tion (data not shown).

Analysis of Antigenic COMP Fragments in Human
SFs by Immunoblotting

Samples of human SF were digested overnight with
hyaluronidase from S. hyalurolyticus and diluted with
SDS-PAGE sample buffer; aliquots corresponding to
5 pl of undiluted SF were loaded on gels. Separated
samples were blotted onto nitrocellulose and immuno-
detected with the mAbs described above. Each mAb
recognized numerous fragments that were defined as
belonging to one of three major groups [i.e., very large
{(>250 kDa), large (130-250 kDa), and medium size
(70-130 kDa)] (Fig. 3A and Fig. 4). The very large
size group consisted of many bands that appeared as
a ladderlike pattern of bands, with two bands often
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HIG. 2. Western blot analysis of antigenic fragments of human
“OMP produced by trypsin digestion. Nonreduced oligomeric human
_OMP was digested with TPCK-trypsin (1:50, w/w) for up to 6 h and
liquots (1 pg COMP/lane) corresponding to individual time points
sere subjected to SDS-PAGE in 4-15% gradient gels under nonre-
':tucing conditions, transferred onto nitrocellulose, and immunode-
‘icted using anti-human COMP mAbs 16-F12 (A), 17-C10 (B), and
#-G3 (C), as described under Experimental Procedures. Intervals
I digestion were lane 1, 0 min (aliquot taken prior to the addition
U trypsin); lane 2, 5§ min; lane 3, 15 min; lane 4, 45 min; lane 5, 90
ain; lane 6, 3 h; and lane 7, 6 h. The positions of migration of the
‘mlecular weight standards are indicated.

redominating (see Fig. 3A and Fig. 4). The group of
rge fragments consisted in most samples of a doublet
Jf approximately 200 kDa that was detected by mAbs
11-C10 and 18-G3; mAb 16-F12 detected a slightly
maller doublet of approximately 175 kDa (Fig. 3A).
e group of large fragments also included a sharp
140-kDa band that was present only in the sample of
e patient with an ACL injury; this band was stained
preferentially with mAbs 17-C10 and 18-G3 (Fig. 3A,
lane 10). Otherwise, the patterns of bands recognized
y the three different mAbs in each individual SF sam-
le in the areas of large and very large fragments were
imilar, although not identical.
On the other hand, striking differences were detected

in the pattern of medium size antigenic COMP frag-
ments recognized by the different mAbs (Fig. 3A and
Fig. 4). In the majority of the samples, mAb 16-F12
detected two bands with molecular masses of approxi-
mately 90 and 110 kDa and mAb 17-C10 detected two
bands with molecular masses of approximately 70 and
90 kDa. In contrast, mAb 18-G3 detected up to five
bands with varying intensities and sizes ranging from
70 to 130 kDa. Some, but not all, appeared to be of
identical size to fragments recognized by mAbs 16-F12
and 17-C10 (Fig. 3A and Fig. 4). The precise molecular
masses of the major medium size fragments recognized
by each mAb were confirmed by electrophoresing one
SF sample in three adjacent lanes flanked by lanes
containing the molecular mass standards and, after
transfer onto nitrocellulose, cutting out the lanes and
probing each with one of the mAbs (Fig. 3B).
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FIG. 3. Western blot analysis of antigenic COMP fragments in hu-
man SF samples. (A} Synovial fluid samples from patients with OA
(lanes 1-4), RA (lanes 5-9), and ACL injury (lane 10) were digested
with hyaluronidase from Streptomyces hyalurolyticus, separated by
SDS-PAGE in 4-15% gradient gels under nonreducing conditions,
transferred onto nitrocellulose, and immunodetected using anti-hu-
man COMP mAbs 16-F12, 17-C10, and 18-G3, as indicated. The same
sample volume, corresponding to 5 pl of SF before hyaluronidase
treatment, was loaded in each lane. (B} To precisely align medium
size bands, the sample in lane 10 was electrophoresed in triplicate
within the same gel in adjacent lanes flanked by lanes containing
molecular mass standards and, after transfer onto nitrocellulose,
the lanes were cut and immunostained using the different mAbs as
indicated.
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G. 4. Densitometric scans of immunoblots of OA and RA SFs. Using the NIH Image program, densitometric scans of selected OA and
A SFs from the Western blot analysis depicted in Fig. 3 (OA, lanes 1 and 2; RA, lanes 7 and 8) were obtained for mAbs 16-F12, 17-C10,
nd 18-G3, as indicated. The positions of migration of the molecular weight standards are marked by small arrows. The large arrow in the

WAb 17-C10 panel indicates the position of the 90-kDa fragment.

Synovial fluids from RA patients all appeared to
wntain lower amounts of antigenic COMP than SFs
rom OA patients or SF from the knee of the patient
vith an ACL injury. However, no attempt was made
nuse the immunoblot approach to quantify COMP or
ny of its antigenic fragments. Interestingly, medium
lize fragments present in OA SFs, but especially the
J0-kDa fragment recognized by all three mAbs,
eemed to be less abundant in RA SFs (Fig. 3A and
ig. 4). This is best illustrated in Fig. 4, depicting
ihe results of densitometric scans of the immunoblots
}uf typical OA and RA samples: when using mAb 17-
{£10 the 90-kDa fragment, migrating in the position
f the arrow, is noticeably less abundant in the RA
BFs than in the OA SFs.

Surprisingly, although mAbs 16-F12 and 18-G3 rec-
sgnized intact antigenic COMP after reduction (Fig. 1)
find, in the case of mAb 18-G3, also reduced tryptic
agments (data not shown), none of the three mAbs

acted with reduced sampies of SF (data not shown).

ompetitive Indirect Inhibition ELISAs for the
Quantification of COMP

SDS-PAGE, performed under both reducing and
fionreducing conditions in a 1.6-16% gradient gel, con-
firmed that the preparation of human articular carti-
lage antigenic COMP isolated as described above and
ised both as the standard and for plate coating was
felatively pure (~95%). In both cases, the major band
migrated with the expected mobility of COMP (~100
tDa under reducing conditions and >200 kDa under
fonreducing conditions) (Fig. 5A, inset). The inhibition
furves for both mAbs 16-F12 and 17-C10 (used at a
1:40,000 dilution) exhibited steep slopes (b = —2.2 and

—1.5, respectively, in the four-parameter logistic func-
tion equation) with working ranges of 0.5-2.0 and 0.1 -
0.5 pg/ml and half inhibitions of 1.0 and 0.3 pg/ml,
respectively (Fig. 5A). Both assays were effective in
quantifying antigenic COMP in human SF and sera;
the inhibition curves were parallel to the curves ob-
tained for the standard (Figs. 5A and 5B). Human se-
rum and SF samples were serially diluted in the range
of 1/2-1/64 and 1/50-1/5000, respectively. It is worth
noting that the addition of SDS to the diluting buffer
at a final concentration of 0.4%, reported to improve
accuracy in the published ELISA that uses a polyclonal
anti-bovine COMP antiserum (20), did not improve
quantification and actually decreased the sensitivity of
our ELISAs. Monoclonal antibody 18-G3 at a dilution
of 1:10,000 yielded an inhibition curve almost identical
to that of 17-C10 (data not shown), but the assay was
not further developed because substrate color develop-
ment proceeded very slowly (>3 h).

The newly developed competitive indirect inhibition
ELISAs using mAbs 16-F12 and 17-C10 were used to
measure levels of antigenic COMP in body fluids from
several species. The ELISA using mAb 17-C10, but not
that using mAb 16-F12, detected antigenic COMP in
measurable levels in a canine serum (4.1 pg/ml) (Fig.
5B). While the ELISA using mAb 17-C10 detected anti-
genic COMP at a high concentration (261 pg/ml) in
a canine SF (Fig. 5B), the ELISA using mAb 16-F12
detected it only at a very low level (0.9 pg/ml). Neither
ELISA was useful in detecting antigenic COMP at a
level above the limit of detection (mAb 16-F12: ~0.5
pug/ml; mAb 17-C10: ~0.1 pg/ml) in adult bovine and
rabbit SFs or in adult bovine, goat, rabbit, guinea pig,
and fetal bovine sera (data not shown). On the other
hand, mAb 17-C10, but not mAb 16-F12, detected anti-
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senic COMP at a very low level (0.2 pg/ml) in a horse
SF (data not shown). These differences in the abilities
if these two mAbs to recognize antigenic COMP in
some species provide further evidence that they recog-
nize epitopes present on different fragments in body
Hluids.

Determination of Levels of Antigenic COMP in
Human SFs by ELISA

In both ELISAs, levels of antigenic COMP were sig-
uificantly higher in the hyaluronidase-digested SFs of
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FIG. 5. ELISA inhibition curves obtained with mAbs 16-F12 and

{7-C10. (A) Inhibition curves produced by the purified human articu-
far cartilage COMP preparation used as the immunizing antigen in
fie ELISAs developed using mAb 16-F12 (O) and mAb 17-C10 (e).
fnset) The COMP preparation used as the immunizing antigen was
llectrophoresed under nonreducing (lane 1) and reducing (lane 2)
jpnditions in a 1.6-16% gradient gel and then stained with Coomas-
{le brilliant blue R-250. The positions of migration of the molecular
feight standards are indicated. (B) Inhibition curves produced by
iFs and sera analyzed at various dilutions with mAb 16-F12: human
3F and serum ([J) and mAb 17-C10: human SF and serum (H); dog
iF and serum (V).

TABLE 1

Concentrations of Antigenic COMP in the SF
of Patients with OA and RA

Antigenic COMP (ug/ml)

mAb 16-F12 mAb 17-C10
Diagnosis n (range) (range)

OA 17 199 + 84 121 + 64%***
(46-400) {35-325)

RA 17 76 + 34* 36 + 26*% %
(23-138) (10-118)

* P < 0.0001 when compared to OA (mAb 16-F12).
** P < 0.0001 when compared to OA (mAb 17-C10).
“*¥¥ P = 0.0015 when compared to OA (mAb 16-F12).
T P = 0.0003 when compared to RA (mAb 16-F12).

patients with OA than in patients with RA [mAb 16-
F12 (OA SFs: 199 = 84 pg/ml vs RA SFs: 76 + 34 ug/
ml, P < 0.0001) and mAb 17-C10 (OA SFs: 121 * 64
png/ml vs RA SFs: 36 + 26 ug/ml, P < 0.0001)] (Table
I). Importantly, within each patient population, the
values obtained for levels of antigenic COMP using the
two ELISAs were significantly different (OA: P =
0.0015; RA: P = 0.0003) (Table I). Within each popula-
tion, there was a positive linear correlation between the
levels of antigenic COMP measured by the two ELISAs
(OA: r=0.743, P=0.0113; RA: r = 0.604, P = 0.0368).
However, expression of the values obtained for levels
of antigenic COMP in the two ELISAs as a ratio (i.e.,
mAb 16-F12/mAb 17-C10) revealed considerable indi-
vidual variation within each population but especially
in patients with RA (OA: mean ratio = 1.73, range =
0.94-2.60; RA: mean ratio = 2.80, range = 1.17-9.75).

DISCUSSION

This study presents three anti-human COMP mAbs
(16-F12, 17-C10, and 18-G3), each recognizing a differ-
ent epitope in the COMP molecule. Immunoblots per-
formed with these mAbs provided evidence that
COMP-related epitopes in the SF of patients with OA
and RA are present principally on COMP fragments.
The presence of these antigenic fragments in large
amounts in the pathological fluids studied is a signifi-
cant finding as it strongly supports the contention that
the rise in the SF level of antigenic COMP in these
diseases (20, 22) provides first and foremost a measure
of the upregulation of the catabolism of this molecule
in connective tissues within the joint. As COMP is
found at a higher concentration in articular cartilage
than in other joint tissues (1), it is likely that a large
proportion of the fragments reflect catabolic processes
occurring in that tissue (1). However, since COMP is
also present in tendon (5, 6) and, according to a recent
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wort,® mRNA for COMP is detectable in human syno-
il cells, it is possible that other connective tissues
ithin the joint contribute significantly to the level of
OMP in SF and to the fragmentation of this molecule.

The fragmentation of oligomeric COMP is most likely
iitiated in articular cartilage and the other tissues in
sich this molecule is found. However, additional work
ineeded before one can state with some certainty that
‘e process of fragmentation is essentially complete by
‘etime the fragments are released into the SF. Metal-
proteinases with a variety of substrate specificities
«found in elevated amounts in OA and RA SFs (36—
4. Further, recent reports have suggested that the
itio of these enzymes to their natural inhibitor, TIMP-
.also is higher in OA and RA SFs than in normal SF
I1-39). Consequently, one cannot rule out the possi-
ity that some of the fragments undergo additional
mnteolytic cleavage while in transit in this body fluid
mpartment. Studies of human articular cartilage ex-
lants stimulated in vitrowith catabolic cytokines such
s[L-1 and TNF-a are currently in progress to help
fed more light on the kinetics of the fragmentation
70Cess.

The discovery that each mAb recognized at least one
atigenic COMP fragment not recognized by the other
w0 mAbs is exciting as it suggests that it may be possi-
le to raise mAbs capable of distinguishing between
ntigenic COMP fragments produced in different dis-
ases or at different stages of a disease. This contention
ssupported by our observation that the three mAbs
haracterized each recognized a different pattern of an-
igenic COMP fragments in OA and RA SFs. As each
sognized a different COMP-related epitope, it is
kely that at least some of the anti-human COMP
1Abs raised in the future will be found to be specific
i yet different antigenic sequences on the COMP mol-
wle.

Two of the mAbs (16-F12 and 17-C10) exhibited high
ffinity for antigenic COMP when used in a competitive
udirect inhibition ELISA. Tt is worth noting that both
these ELISAs yielded steep inhibition curves (i.e., a
mall change in the concentration of antigenic COMP
ielded a significant decrease in color development)
hat made it possible to distinguish between two con-
entrations differing by as little as 10%. In the ELISAs
ie have developed, compared to the well-characterized
‘LISA using a polyclonal anti-COMP antiserum, it is
sss important to ensure that the preparation of anti-
enic COMP used for plate coating is absolutely free of
ther matrix molecules because the specificity of the
ssay resides in the mAb. The ELISA developed with
1Ab16-F12 detected higher levels of antigenic COMP
nboth OA and RA SFs than that which used mAb 17-

*Recklies, A. D, White, C., and Baillargeon, L. (1996) Orthop. Res.
ve. Trans. 21, 125. [abstract]

C10. The significance of this finding is not clear at this
time. However, it illustrates how important it is to re-
port the results of the analyses of this molecular
marker in terms of concentrations of antigenic COMP.

An important advantage of the ELISA which uses
mAb 17-C10 is that, unlike the ELISA that uses mAb
16-F12, it detects with great sensitivity antigenic
COMP or COMP fragments in canine SF and serum.
This ELISA should thus prove useful to quantify anti-
genic COMP fragments in the body fluids of dogs which
have undergone anterior cruciate ligament transection
(ACLT). Such studies could be used, for example, to
test a recent postulate, based on the observation that
ACLT is accompanied by a measurable and reproduc-
ible rise in the serum level of antigenic keratan sulfate,
that the injury gives rise to a state of chondrocyte hy-
permetabolism which, while most pronounced locally,
develops systemically as well (17).

Measurement of antigenic COMP in serum has dem-
onstrated that OA as well as RA patients with a high
level of this molecular marker had a much greater
chance of developing rapid joint destruction (16, 23, 24,
26). This most important finding has attracted much
attention as it suggests that measurement of antigenic
COMP in serum could enable clinicians to select pa-
tients most likely to develop rapid destruction of articu-
lar cartilage for the most aggressive therapeutic treat-
ment. Based on our findings, we postulate that a sand-
wich ELISA that uses mAbs such as the ones
characterized in this study, or others yet to be raised,
could prove even more useful in identifying subsets of
patients requiring aggressive intervention during the
early stages of the disease. This is not an unrealistic
aspiration considering our observation that many of
the antigenic COMP fragments in SF differed in their
reactivity with the different antibodies and that, in
both OA and RA, the relative contribution of some of
the fragments to the antigenicity detected varied
within the population.

Studies are in progress to characterize the epitopes
recognized by the mAbs and to determine the sequence
of disease-specific fragments; these studies will provide
information that will be critical in devising sandwich
ELISAs with either diagnostic or prognostic values in
the assessment of patients with joint diseases.
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Summary

Objective: Cartilage oligomeric matrix protein (COMP) is a component of articular cartilage whose serum levels show a strong correlation
with radiographic osteoarthritis (OA) status. It has recently been found, however, that COMP is also produced in synovium. To assess the
hypothesis that synovitis affects serum COMP levels in patients with knee OA, we collected sera for COMP simuitaneous with a clinical
examination for synovitis.

Design: Sera were collected from OA patients who fulfilled the American College of Rheumatology criteria for knee OA. Radiographs were
classified according to the grading system of Kellgren and Lawrence. Synovitis was diagnosed clinically by joint tenderness plus swelling
and/or increased warmth over the joint. COMP levels in sera were measured by inhibition ELISA with monoclonal antibody (mAb) 17-C10.

Resuilts: Serum COMP levels were significantly correlated with age, synovitis and an interaction of synovitis and OA severity. Synovitis
showed the strongest effect on COMP levels (A=0.1587, P<0.01), in contrast to C-reactive protein, duration of OA and OA severity score
which showed no significant effect on COMP levels. Individual signs of synovitis, namely, joint tenderness and warmth had a significant effect
on serum COMP levels while swelling alone did not.

Conclusion: Synovitis exerts a significant effect on serum COMP levels measured with mAb 17-C10 in OA patients. These findings
underscore the importance of the clinical joint examination to assess for synovitis, when attempting to apply objective measures, such as
COMP, to the clinical setting. © 2001 OsteoArthritis Research Society International

Key words: Osteoarthritis, COMP, Serum, Synovitis.

normal development and function of cartilage has been
underscored by the discovery that mutations of the COMP
gene result in pseudoachondroplasia and some forms of
multiple epiphyseal dysplasia’.

Introduction

Cartilage oligomeric matrix protein (COMP) is a member of
the thrombospondin family of extracellular calcium-binding

proteins that was initially isolated from cartilage’. COMP is
a non-collagenous glycoprotein of high molecular weight
(>500 kDa), composed of five identical subunits?. Primary
sequences of rat, mouse, and human COMP have been
determined so far®3. The carboxy-terminal globular domain
of native COMP binds to collagens | and 11, A five-stranded
coiled-coil domain, formed when subunits assemble their
amino-terminal ends into an oligomer®, may have a storage
and delivery function for hydrophobic cell signaling mol-
ecules such as vitamin D®. The significance of COMP for
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Osteoarthritis (OA) is a common disease causing pain
and disability in a significant proportion of the adult popu-
lation®. 1t is characterized by the progressive destruction of
articular cartilage and concomitant changes in subchondral
bone®. A diagnosis of knee OA, traditionally based upon
weight-bearing radiographs and pain, is usually made by
the time tissue destruction is already advanced. Therefore,
much attention has been focused on developing assays for
cartilage derived macromolecules or their fragments whose
release into the circulation from the joint may reflect distur-
bances in joint tissue turnover. Although many unresolved
questions remain'®, such ‘markers’ may provide insight into
the early stages of the disease'' as well as facilitating
diagnosis, prognosis and disease severity evaluation'?,
COMP has been suggested as a promising candidate
molecular marker of OA'®, especially because it has been
shown to be relatively specific to joint tissues.

Most previously published studies reporting serum
COMP levels in OA have concentrated on its use as a
potential prognostic marker; in all these studies COMP has
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been measured by enzyme iinked immunosorbent assay
(ELISA) with polyclonal antibodies. Two cof these studies
have demonsirated an association of increasing serum
COMP lavels with progression of OA monitored radio-
graphically. In the study by Sharit &t al.'*, serum COMP
increased significantly in patients with clinical knee OA who
showed decreased joint space or required knee surgery
during a five-year follow-up period. Petersson et all®
determined serum concentrations of COMP over a 3-year
period in individuals with chronic knee pain {with or without
radiographic evidence of knee joint QA at study entry) and
found that COMP levels increased significantly only in the
individuals with radiographic OA at follow-up, while remain-
ing unchanged in the individuals with normal radiographs at
follow-up. Conrozier et al.’® showed thal baseline serum
COMP correlaled with mean joint space narrowing over 1
year i1 symptomalic nip OA patients. No correlation has
been found in another study comparing baseline serum
COMP levels to disease progression defined arthroscopi-
cally over a 1-year period'”. In addition, sérum concen-
tralions of COMP, measured in a group of individuals
with chronic knee pain, has correlated positively with the
extent of bone scan abnormalities’®.

Taken together, the results of studies performed so far
are promising with regard to COMP as an OA biomarker;
their interpretation however, has been complicated by
recent discoveries thal, basides cartilage, COMP is pro-
duced by practically all tissucs within a |oint, namely
tendon'®, ligament and meniscus®®, and synovium?'—2°,
This finding has led some authors to speculate that
synovitis may allect serum COMP tevel by influencing
synovial tissue synthesis and release of COMP into the
circulation®*:2,

We have developed a panel of monocional anlibodies
{mAbs) to human COMP and we used cone of them,
17-C10, to develop a competitive indirect inhibition ELISA
for COMP?®_ The mAb 17-C10 recognizes a conformational
epitope in a domain of EGF-ike repeats®” that is located
near tne center of a COMP suhunit, and as such it should
be unaffected by partial, N- or C-terminal, cleavage of the
anligen. Like polyclonal antibodies used by other authors
previously, the 17-C10 mAb does not appear to distinguish
between COMP produced by chondrocytes and COMP
preduced by synovial fibroblasts®®. Qur previous studies on
sera have demonstrated that mAb 17-C10 is capable ul
distinguishing groups of OA-affected and unafiected (no
radiographic hip or knee OA) subjects, and also subgroups®
of OA patients sorted by severity of OA and number of kneea
and hip joints involved®®. The goal of this study was to
assess the influence of synovitis, a common and important
clinical sign often manifested with OA, on serum COMP
levels.

Patients and methods
PATIENTS

This study was approved by the local research ethics
committeé. Patients seen conseculively over a 6-month
period in the outpalient clinic of the Institute of
Rheumalology, Prague, Czech Republic, with knee pain
and who fulfilled the American College of Rheumnatology
criteria for knee QA were recruited into the study. Al
eligible patients (N=196) chose to participate. Blood
was collected for serologigal studies, and standing antero-
posterior radiographs of both knees were performed.

Radiographs of tibiofemoral joints were classifled accord-
ing to the grading system of Kellgren and Lawrence
(K-L)*". A single radiologist (JG) scoring the radiographs
was blinded to the results of the clinical exam. Patients
were examined by a single rheumatologist blinded to the
radiographic results, who clinically assessed three signs of
knee joint inflammation, tenderness (T}, nan-bony swelling
{S), and warmth (W), and graded each sign on a scale of
0-3 according to the method of Thompson? resutting in
total scores ranging from 0 to 9. Tenderness was assessed
by palpation along the joint-line (capsular/jolntine tender-
ness, which suggsested capsularfintracapsular origin of
pain). Swelling was assessed by clinical tests used for
deleclion of synovial lluid presence (palpation, bulge sign).
Wammth was assessed by the investigators palm after
patients accommodated to the focal room lemperature.
Synovilis of the knee was defined as the presence of joint
tenderness of at least grade 1 pius swelling and/or warmtn
of at least grade 1 for the same knee. The repreducibility of
the determination of all three clinical signs of Inflammation
and of the presance of clinical synovitis overall was esti-
mated by repeating the examination of 15 patients (30
knees) by the study rheumatologist on two consecutive
days. For particular signs of knee joint inflammation, i.e., T,
S, and W, the reproducibility was 83%, 80%, and 86.7%,
respectivaly; the intra-observer reproducibliity for presence
of clinically diagnosed synovitis was 80%. Patients were
interviewed to oblain a global patient assessment of dis-
ease severity referred to here as the |SK score or ‘Indax of
Severity for Knee Osteoarthrosis™* where higher scores
are indicative of more severe diseasa. The clinical exami-
nation and blood collection were performed concurrently on
fasting palients instrucled to refrain from the use of their
arthritis medications on the mormning of the evaluation,

IMMUNOQASSAYS

Sera ware obtained from blood samples collected in
sterile tubes without additives, and stored at -80°C.
C-reactive protein (CRP) levels wers measured simul-
taneously by two methods: (a) by Immuroturbldi-
metric assay kit commercially available from Boehringer
Mannheim Systems and (b) by sensitive sandwich ELISA
supplied as a kit (UB! MAGIWELL® CRP QUANTITATIVE
AD-401) by UBI, Mountaln View, CA, U.S.A. CRP lavels
datermined by both methods were correlated (P<0.0001)
when compared using the Spearman correlation coefficient
(A (not shown).

COMP was analysed by inhibition ELISA essentially as
previously described?®, with several minor modifications.
Briefly, plate coating was performed with coating buffer
(20 mM carbonatedicarhonate, pH 9?2, 0.002% sodium
azide) containing human articular cartilage COMP at 5 pg/
ml. Nunc-Immuno (MaxiSorp) plates (Nunc, Denmark)
wera coated with 50 ulwell, coverad with plate sealing tape
and kept at 4°C until used. COMP standard, purified as
previously described®® from human articular cartilage, was
initially diluted te 1 pg/ml. An initial serum dilution of 1.2
was used. Standards as well as samples were further
diluted in PBS-0.05% Tween 20, pH 7.3 (TPBS) in a Nunc
Microwell (low-binding) plate (Nunc, Denmark). Anu-
(human)COMP Mab 17-C10%% was diluted 1:40,000 in
TPBS/1% bovine serum albumin (TPBS/BSA). Primary
antibody (70 ul) was added to 70 pl of the COMP slandard
or patient sera. The inhibition mixtures were incubated at

°C overnight. A 100 ! aliquot of these inhibition mixtures
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was lransferred into washed coated wells of the Nunc-
Immuno plate and incubated for 60 min at 4°C. The plates
were then washed and received 100 pl/well of a solution of
harse radish peroxidase-conjugated rabbit anti-mouse
immunoglobulin antibody, absorbed with human immu-
noglobulins (Dako A/S, Denmark) diluted 1:1000 with
TPBS/BSA. After incubating for 60 min at room tempara-
ture, unbound antibody was removed by washing and
100 pl of substrate {o-phenylenediamine plus H,Q,) was
placed into the wells for 30—60 min at roum temperature.
The production of chromophore was stopped by the
addition of 50 ul of 2 M H,SO,. The plates were read at a
wavelength of 4390 nm. Resulls are expressed as equiva-
lents of the standard human antigenic COMP (ug/ml). Each
plate contained four identical samples of ‘control’ sera
which were kept aliquoted and frozen at —70°C. Each day
a fresh aliquot ol these control samples was thawed and
used on every plate to calculate intra- and interassay
variance of the assay®. We found intra- and interassay
variance of the assay to be less than 4% and less than 5%,
respactivaly. Analyses were performed without knowledge
of the clinical data.

STATISTICAL METHODS

Geometric means and their 95% confidence inter-
vals (95% Cl) were calculated. Differences belween
In-transtormed serum COMP levels [In(COMPY] in groups
of patients sorted according to K-L grade and synovitis
were assessed by two-way ANOVA. Natural logarithm
transformation of serum COMP levels was done in order to
satisfy the assumptions aof a Gausslan distribution of the
data underlying the use of ANOVA methods. To describe
dependency of In(COMP) on age and gender and to test for
an effect of ather factors on In(COMP) we used multiple
linear regression. From each of the models, regression
coefficients and their 95% confidence intervals were calcu-
lated. Linear regression model was also used for adjusting
the geometric mean to the mean age. Scores of three
clinical signs of knee joint inflammation (T+S+W) were
compared to CRP levels using the Spearman correlation
coefficient (. A P-value of <0.05 was considered
significant.

Results

Clinical and radiographic data were obtained at the time
of sera collection on 196 patients. The patients were
predominantly female with bilateral knee OA {(Table 1). The
most severely diseased knee was used for purposes of
grading, when bilateral knee OA of difterent grades was
present. This occurred in 51 of the 156 bilateral knee QA
cases and In 39 of the bilateral knee OA cases in the
temale subgroup. Synovilis at the time of sera collection
was present in 68% ol patients and was slightly more
prevalent in the more severely affected OA knees (Synovitis
in 74% of K-L grade >2) compared with the less severely
affected OA knees (synovilis in 65% of K-L grade <2).
Although a total ot 51 cases ot bilateral knee OA damon-
strated mare severe OA in one knee compared with the
other, the majority of clinically detected synovitis occurred
in the more severely affected knee (44 of 51 cases or 86%).

Table Il summarizes unadjusted serum COMP levels by
QA severily and presence af synavitis. COMP [evels ware
higher in the group with K-L grade >2 knee OA (1.197 ug/

V. Vilim et al.: Synovitis affects serum COMP levels

Table |
Characteristics of all patients with knee OA and the subgroup of
femalte patients

Chiaracteristic All patients Female
(N=1986) patients
(N=153)
Age, mean (range) years’ 62 (44-76) 60 (44-76)
OA duration, mean (range) years 10 (1-50) 10 (1-40)
ISK", mean (range) 9(3.5-13) 9(413)
Knee OA, number (%)
Unilateral 40 (20% 27 (18%)
Bilataral 156 (8Q%) 126 (82%)
Kellgren—Lawrence grade,
number (%)}
! aB (19%) 34 (22%)
It 87 (44%) 71 (46%)
1] 63 (32%) 42 (27%)
v 8 (4%) 6 (4%)
Knee synovitis, number (%)
Total 133 (68%) 106 (69%)
Unilateral 102 (52%) 81 (53%)
Bilateral 31 (16%) 25 (16%)

“ISK=The Index of Severity for Knee OA according lo Lequeane
et al.,

mi) compared with the graup with less severe K-L grade <2
OA (1.029 pg/mly (P=0.002 by two-way ANOVA using In
fransformed COMP). COMP lavels were also higher in the
group with synovitis (1.127 ug/ml} compared with the group
lacking synovitis {(1.007 pg/ml) (P=0.038).

The cffect of age, gender, and interaction of age and
gender an In(COMP} was tested by muitiple regression,
The mulitiple correlation coefficient was 0.482 {(F<0.001).
The effect of age un IN(COMP), when tested by means of
linear regression, was diffarent for males (correlation coef-
ficient 0.121, NS) and females {(correlation coefficient
0.524, F<0.001} (Fig. 1). Non-paralielism of both gender
groups was highly significant (P<0.001). Thus, age and
gender have to be considered confounding variables with
regard to serum COMP levels.

Since the proportion of females recruited into the study
was much higher than that of males. and since the charac-
teristics of the subgroup of female patients were similar to
the characteristics of the group as a whole (Table 1), we

Table )

Serum COMP levels for alf OA patients by OA severity and

synovitis®
Group N COMP laval, mean

(95% CI)

Total 196 1.087 (1.038, 1.137)
KL <2 125 1.029 (0.973, 1.088)
K-L >2 71 1.197 (1.112, 1.289)t
Syn (~) 63 1.007 (0.934, 1.085)
Syn (+) 133 1.127 (1.065, 1.102)¢
K-L €2, Syn () 44 0.994 (0.908, 1.089)
KL €2, Syn (+) 81 1.048 (0.975, 1.126)
K-l =2 Syn (-) 19 1.036 (0.896, 1.199)
K-L >2, Syn (+) 52 1.262 (1.160, 1.372)

Values for COMP levels are expressed in pg/ml.

Syn (-)}=synovilis absent clinically; Syn (+)=synovitis present
chnicatly.

+P<0.01 compared with K—L <2.

$+P<0.05 compared with Syn (-).
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Fig. 1. An elfect ot age on COMP levels [expressed as iIn(COMP)!
measured by ELISA with mAb 17-C10 in sera of DA patlienls.
( )—cbscrved values, females: [ A)—ooserved values: males.
Best-fit regression hnes were calculated independently for female
{——) and male (- — -) patients using linear regression model.

chose lo analyse the subgroup of female patients in more
detail. Table Ill summarizes serum COMP levels in the
subgroup of 153 female OA patients by radiographic grade
knee OA and by knee synovitis. Unadjusted COMP levels
were highest in the cases with more severe OA (K-L grade
=2) and synovitis (P=0.001 and P=0.03, respeclively).
However, afler adjusting for age, only the increase by
synovilis remained significant (P=0.017).

The effects of synovitis, K-L grade, age, duration uf the
disease, ISK value, and CRP level on In(COMP) for the
subgroup af female patients was tested by multiple regres-
sion. The results are summarized in Table [V. Besides age,
serum COMP was influenced by synovitis and by an
interaction of synovitis and K-L grade. K—L grade alone
however was not significantly correlated to In(COMP) tev-
els whereas synovilis alone was significant, showing the
strongest effect of all the variables exammed with a regres-
sion coefficient of 0.1587 (P<0.01). There was no signifi-
cant effect of CRP level, 1SK or disease duration on
IN(COMP). The effect of three clinical signs of synovitis (T,
S. and W) on In(COMP), was tested for the subgroup of
fernale patients using two independent models of linear
regression, including age as a confounding variable. For
each patient, the indices of synovitis were summed across
both knees in give a lotal grade for T, S, and W. The simple
regression madel was used for sum of grades of all three
signs (T+S+W); the multiple regression model was used to
test for the effect of three signs scparately (Table V). The
linzar regression model was significant for: (i) sum of total
grades of all three signs (T-+S+W), (ii) total grade of
lenderness (T); (ni) total grade of warnmth (W), The effect
of the total grade of swelling (S) was not significant. The
sum of grades of all three clinical signs of syno-
vitls (T+S+W) did not carrelate significanlly with CRP
level (F=0.079), when compared using the Spearman
correlation coefficient.

Discussion

We have detecled significant differences in unadjusted
serum COMP levels, measured by ELISA with mAb
17-C10. between groups of patients with knee OA sorted
according to radiographic grade (K-L grade =2 vs K-L
grade =2} or according to the presence of clinically

diagnosed synovitis of the knee. However, we have identi-
fied age as a confounding variable. After adjusting for age
in the subgroup of temale patients, only the effect of
synavitis on COMP level remained statistically significant.
Thus, our study demonstrates a correlation of clinically
evident synovitis with serum COMP. Although the differ-
ences reported are statistically significant, they are small in
terms ol actual numerical difference. There is overlap
between individual groups differentiated by synovitis thus
serum COMP cannot be used as a discriminating test in
individuals.

We used two assays to measure blood CAP level. We
were concerned that the turbidimetric assay might not be
sensitive enough to detect small elevations in CRP level
associated with low-grade inflammation accompanying OA
and detected by high-sensitivity immunoassays as was
described recently®>3€. Thus we also measured CRP lev-
els by a very sensitive sandwich ELISA assay. Aithough
blood CRP levels determined by the two different methads
carrelated highly, neither of them carrelated to blood COMP
levels or to clinical indicators of knee inflammation. We
suggest that serum COMP probably reflects local,
OA-associated inflammation localized to a joint, while CRP
reflects a systemic inflammatory response, like general
infection.

Using a larger sample size and the same mAb to COMP,
we have previously observed higher serumn COMP levels in
indlviduals with knee OA of K-L grade <2 compared to a
control population without knee or hip OA?°. However, in
the present study, the difference in serum COMP levels
between two groups with knee QA (mild and severe) was
nol large enough to be statistically significant although the
same trend was apparent, with higher mean serum COMP
in the more severely affected group. Both studies have
shown that serum COMP level increases with age, but this
effect is more pronounced in females than in males. The
difference between female and male subjects may relate to
post-menopausally increased bone metabolism character-
ized by up-regulated osteoclastic and osleoblastic activity,
since, according to a recent finding®”, COMP is also
axpressed by osteoblasts.

Although the study populations in these two studies (this
and Clark et al.*?) were very different, one a rural popula-
tion in North Carolina, the other an urban papulation in
middle Europe (both Caucasian), the 17-C10 ELISA
measured very similar levels of serum COMP. This agree-
ment was achieved by using the same mAb to COMP in
addition to the same standard of human cartilage COMP in
both studies. Although an internationally recognized COMP
standard is not available, the advent of mAbs lor COMP
may aid in the standardization of COMP assays whose
feasibility is demonstrated here. Compared to studies that
measurad COMP by ELISA with polyclonal antibodies'® ',
we repart lower (by approximately 10-fold) levels of serum
COMP. There are several possible explanations of this
difference; the 17-C10 mAb may detect a narrower range of
serum COMP fragments than is detected by palyclonal
antibodies, and the purity of our standard may be greater,
yielding overall lower COMP values.

Synovium is known to produce COMP?'~2% and in theory
may contribute measurable levels of COMP to the serum.
We have detected measurable amaounts of COMP in hyper-
trophic synovium collected at the time of knee surgery from
three OA patients?®. The concentration of COMP in these
synovial specimens, determined by ELISA with mAb
17-C10, ranged from 4 to 64 pg/g wet weight of tissue.
Neidhan et al3® detected COMP at concentrations of
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Table 1l
Serum COMP levels for subgroup of female OA patients by OA severity and synovitis®

Group N COMP level, mean (95% Cl)

Unadjusted Adjusted for age
Total 153 1.066 (1.012,1.123) 1.066 (1.020, 1.115)
K-L <2 105 1.004 (0.9486, 1.065) 1.049 (0.996, 1.105)
K-l >2 48 1.217 (1.1086, 1.340)% 1.104 (1.014, 1.203)N°
Syn (=) 47 0.979 (0.897, 1.069) 0.985(0.912, 1.064)
Syn (+) 106 1.107 (1.039, 1.180)t 1.105 (1.047, 1.165)t
K-L <2, Syn (-) 35 0.963 (0.873, 1.063) 1.019{0.935, 1.111)
K-L =2, Syn (+) 70 1.025 10.951, 1.104) 1.065 {0.997, 1.137)
K-L >2, Syn (=) 12 1.028 (0.830, 1.272) 0.891 (0.745, 1.066)
K-L »2, Syn (+) 36 1.288 (1.158, 1.433} 1.1886 (1.083, 1.298)

“Values for COMP levels are expressed in pg/ml.

Syn (-)=synovitis absent clinically: Syn (+)=synavitis present clinically.

“SNot significant campared wilh K-L <2,
| P<0.05 compared with Syn (-).
$FP<0.01 compared with K-L <2.

Table IV
An effoct of varivus {acios on InfCOMEP): multiple regression
model for female OA patients

Faclor b 95% CI

Age 0.022 (0.015, 0.280)"**
Synovilis 0.159 (0.051, 0.267)""
K~-L grade -0.007  (-0.123, 0.110)"8
Interaction of K~L grade and

Synavitis 0.116 (0.011, 0.222)*

CRP 0.006  (-0.006, 0.006)"%
1ISK 0.006  (-0.016, 0.026)"3
Duration of OA 0000  (-0.007,0.006)°

Standard error of regression model=0.2688, multiple carrelation
coolficient r=0.5610.

Synovitis: patienis were sorled into two groups, 1e., synovitis
present clinically vs synovitis absent clinically (far definition of
synovilis, see Mathoris)

K-L grade: patients were sorled inlo lwo groups, i.e., K-L grade
<2 vs K-L grade =2.

ISPgaz The Index ot Severity for Knee OA accarding 1o Lequesne
et al*,

CRP=gerum level af C-reactive protein.

b=Regression coefficient.

MSNat significant; *P<0.05; **P<0.01; **"P<0.001.

3.40 mg/g and 2.17 mg/g wet weight of human tibial and
fernaral cartilage, respectively. It can be estimated from
these data that the concentration ot CUMF (per wet weight
of tissue) in synavium is about 100 times lower then the
concentration in articular carlilage. Supporting this conten-
tion, Saxne and Mansson report a similar eslimation cited
as an unpublished observation'®, There is no available
infarmatian at presant an the turnover rate of COMP in
synovial tissue and in cartilage. These turnover rates may
vary by tissue type and by pathological condition. Dodge
at al® have reported that cultured human synovial celis
produce more COMP (per pg DNA) than cultured articular
chondrocytes maintained under conditions which promote
retention of a canilage-specific phenotype. DiCesare
et al.”® have found that COMP mRNA levels are three-fold
higher in rheumaloid synovium compared to ostegarihritic
synovium; the authors concluded from this comparison that
inflammatory synovium should be considered a potential
source of serum COMP. It has also been shown thal a

pro-inflammatory cytokine, TGF-B, can induce COMP
mRNA and protein in synovial fibroblasts®?,

The clinical estimation of inflammation (synovitis) still
remains an unresolved problem. Some objective methods
(thermocameras, isotopes) have failed, while other modern
objective methods (MRI, ultrasound) are not validated for
clinical studies yet. Both synovial biopsy and arthroscopy
are invasive and their routine use in studies like this are
difficult to justify for ethical reasons. Therefore, the recom-
mended tools for clinical datection of synavitis are various
joint indices (tender joint count, swollen joint count). We
decided to use standard measures of tenderness, swelling,
and warenlh, perlormed by a single rheumatologist, to make
a clinical determination of synovitis. The reproducibility of
clinically determined synovitis in this study was 80%, thus
validating the chinical relevance of our serum COMP find-
ings. The association of higher synovitis scores with higher
COMP levels might strengthen the evidence of an assaci-
ation ot COMP levels with synovitis. However, tha associ-
ations of the three clinical signs of synovitis with serum
COMP levels were not the same. The association with
tenderness was the most pronounced while the association
with swelling was not significant (Table V). We concluded
that we could not divide patients further inta subgroups
based upon various levels of the total score for further
statistical analysis in a sample of this size.

Episodic inflammation of affccted joints is frequent in OA
patients and synovitis is common in patients with advanced
OA. Synovitis, defined as mononuclear cell infiltration on
synovial tissue biopsy, was found in 50% ol patients with
early knee OA of K-L grade <3 by Myers et al.”°, while only
38% of all their patients (i.e., 76% of patients with histalogi-
cally diagnosed synovitis) would have been simulianecusly
diagnosed clinically by our criteria {pain and effusion and/or
warmth), indicating that we have probably missed some
cases of inflammation, presenting with less striking clinical
symptoms.

Our results suggest that inflamed synovium may either
{1} produce COMP in amounts significant enough to be
detected in serum by immunoassay with mAb 17-C10 or (2)
accelerate cartilage loss of antigenic fragments of COMP,
or (3) affect joint clearance of cartilage-derived COMP. Al
these mechanisms may operate simultaneously and all ol
them may be partially responsible for the serum COMF
level increase. Our results do not necessarily sugges
extra-cartilage origin of blood COMP, as it has been showr




Osteoarlhritis and Cartitage Vol. 9, No. 7

617

Table V
An effect of hiree chinical signs ol knee foint inflammaton, tenderness (T), non-bany sweiling (S), and watmth (W),
on in(COMP): regrassian models fur lemiale OA pativils |

Clinical sign b 95% Cl b 952, Cl
T+S5+W 0.032 {0012, 0.051)"

T 0,053 (0.017. 0.089)""
3 ~0.011 (~0.540, 0.032)™"
W 0077 (0.017,0.137)"

tThe tubic descnbes twe reqreasion models. re., the simple regression model (T+5+W) used for the sum of
tota! grades of all three signs of synovitis, and the multiple regression model (T, S, W) used to tesl for the effect
of thrae signs af synovilis separately, Standard errars of regression models T+S+W and T, 8, W equal to 0.269
and 0.267, respectvely: correlation caafficiont r (T 8§+ W) cgquals to 0.667, multiple correlation coelficient (T, S,

W) equals to 0.586.
b=Regression coetfigient
MENet signiticant: TP« 058 TTFen

that even nmuld synowvilis may significantly increase the
clearance of a protein trom the synovial fluid*®''. On the

hetween residues 20 and 83. FEBS Lett 1994341
54-8.

ather hand, COMP produced in synovium may enter 6. Gua Y. Bozic D, Malashkevich VN, Kammerer RA,
(ne bloodstieam directly, and thus may influence serum Schulthess T, Engel .J. All-trans retinol, vitamin D and
level more than COMP praduced in cartilage, that has to other hydfﬂphOblC compounds bind to the axial pore
enter the blocdstream via the synovial fluid and may of the five stranded coiled-coil domain of cartilage
therefore be subject to greater lymphatic uptake. Thus, oligomeric matrix protein. EMBO J 1998;17:5265-72.
although the actual mechanism causing the observed effect 7. Briggs MD. Mortier GR, Cole WG, King LM, Golik SS,
1€ unclear, synovitis should be considered a factor that Bunaveniure J, ef al. Diverse mutations In the gene
attects serum COMP levels. for cartilage oligomeric matrix protein in the
In summary, in this study we have identified another pseudoachondroplasia-multiple epiphyseal displasia
factor. besides age and OA severily, hal infllusnces the disease spectrum. Am J Hum Genet 1998:62:311-9.
level of serum COMP in patients with knee OA, namely 8. Lawrence RC. Helmick CG, Amett FC, Deyo RA,
synavitis of the knee. This finding invites consideration of Felson DT, Giannini EH, et al. Estimates of the
the role that synovitis may play in OA progression n light of prevalence of arthritis and selected musculoskeletal
studies showing that higher levels of serum COMP indicate disorders in the United States. Arthritis Rheum
patients with faster progressing OA. These results under- 190R:41-778-99
scare the importance of assessing for synovitis by clinical 4. Brandt KD. The pathogenesis of osteoarthritis.
ot examination in future studies of QA and COMP Rheumatol Rev 1991:1:3—11.
10. Brandt KD. A pessimistic view of scrologic markers
for diagnosis and management of ostecanhris.
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Abstract

Background: Cartilage oligomeric matrix protein/thrombospondin 5 (COMP/TSP 5) is one of the most promising
serologic markers with regard to an ability to prognose development of osteoarthritis (OA). Our aim was to map the epitopes
of three monoclonal antibodies (mAb) to COMP and to develop and characterize a sandwich enzyme-linked immunosorbent
assay (ELISA) for measuring COMP levels in human body fluids. Methods: COMP was digested with trypsin and the NH,-
terminal sequence of the fragments recognized by each of the mAbs was determined. Steric competition among the mAbs
was tested with an antibody capture assay. A sandwich ELISA was developed using unlabeled mAb 16-FI2 as a capture
antibody, and mAb 17-C10 labeled with biotin as the second antibody. Results: Epitopes of the three mAbs were mapped to
three different domains within the COMP subunit (16-F12, NH,-terminal domain; 17-C10, EGF-like domain; 12-C4,
COOH-terminal domain). These epitopes did not overlap. mAbs 17-C10 and [2-C4 yielded similar serum COMP results
when used as the secondary antibodies. Serum COMP levels measured with the new sandwich ELISA using mAbs 16-F12
and 17-C10 corrclated strongly with results based on an inhibition ELISA with mAb 17-C10 alone (#=0.836; P<0.0001).
We characterized thc new sandwich ELISA with regards to inter- and intra-assay variability, the range of COMP levels that
can be expected in human synovial fluids (SF) and sera (controls and OA and rheumatoid arthritis (RA) patients), and the
day-to-day and diumnal variability of COMP levels in sera. Conclusions: We have developed and characterized a sandwich

Abbreviations: ANOVA, analysis of variance; COMP, cartilage oligomeric matrix protein; ELISA, enzyme-linked immunosorbent assay;
mAb, monoclonal antibody; OA, osteoarthritis; RA, rheumatoid arthritis, SF, synovial fluid.
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ELISA for COMP that is sensitive and yields highly reproducible COMP results upon analysis of human sera and synovial
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1. Introduction

Cartilage oligomeric matrix protein (COMP), also
designated thrombospondin 5 (TSP 5) | | |, is a member
of the thrombospondin family of extracellular proteins.
COMP is a calcium-binding protein || of high molec-
ular weight (=500 kDa) composed of five identical
subunits | i |. The carboxy-terminal globular domain of
native COMP binds to collagens I, I, and IX |4 (1], A
five-stranded coiled-coil domain, formed when the
subunits assemble their amino-terminal ends into an
oligomer | /|, may have a storage and delivery function
for hydrophobic cell-signaling molecules such as vita-
min D [%]. The primary sequences of rat, mouse, and
human COMP have been determined so far |2 10].
Mutations in the domain of type 3 calcium-binding
repeats or in the carboxy-terminal globular domain
cause two types of skeletal dysplasias, pseudoachon-
droplasia and some forms of multiple epiphyseal
dysplasia ||

COMP is one of the most abundantly expressed
genes in both normal and osteoarthritic human carti-
lage [12]. COMP is also a putative marker of
cartilage catabolism ||| and results of several pro-
spective studies reporting serum COMP levels in
patients with osteoarthritis (OA) have been promising
with regard to the ability to characterize disease
severity and to prognose discase development | !4
| 6], Our previous studies on sera have demonstrated
that an inhibition enzyme-linked immunosorbent
assay (ELISA) with monoclonal antibody (mAb)
17-C10 to COMP is capable of distinguishing groups
of OA-affected and unaffected (no radiographic hip
or knee OA) subjects, and also subgroups of OA
patients sorted by the severity of OA and number of
knee and hip joints involved | [7]. The goal of this
study was to map the epitopes of three mAbs raised
against human COMP, to use them to develop a
sandwich ELISA, and to test the feasibility of using
this new assay system for measuring COMP levels in
human body fluids. In a study simultaneous with this,

we measured serum COMP levels in OA patients
followed for 3 years and we have observed promising
results with regard to the ability of the new sandwich
ELISA to identify patients at high risk for progres-
sion | 15].

2. Materials and methods
2.1. Production, purification, and labeling of mAbs

Three hybridomas producing anti-(human)COMP
monoclonal antibodies, 16-F12, 17-C10, and 12-C4

, were grown in the otl-irritated intraperitoneal
cavities of Balb/c mice. mAbs were isolated from
ascitic fluids on a column of immobilized Protein G,
concentrated on Centricon YM-100 filters (Amicon),
and labeled by LC-biotin using EZ-Link ™ NHS-LC-
Biotin (Pierce) to give a molar ratio [gG/biotin of
approximately 1:50.

2.2. Epitope mapping

A preparation of purified COMP was digested by
TPCK-trypsin (Sigma), at an enzyme/substrate ratio
1:100, at calcium concentrations ranging from 0 to
100 mmol/l Ca*™, at three different temperatures {0,
20, and 37 °C), and for varying time intervals ranging
from 5 min to overnight. Based on pilot experiments,
we chose three final sets of digesting conditions—
Digest I: 0 mmol/l Ca®™, 0 °C, 30 min; Digest II: 12.5
mmol/l Ca**, 37 °C, 6 h; Digest IIIl: 12.5 mmol/|
Ca?™, 0 °C, 30 min. COMP fragments were separated
by SDS/PAGE in 10% gels and transferred onto
PVDF-membrane {(Immobilon-P, Millipore) in 10
mmol/l CAPS, 10% methanol, pH 11.0, at 50 mA, 4
°C, overnight. Blots were either stained with Coo-
massie Blue or blocked with 5% low-fat milk and
immunostained with the mAbs. Selected bands were
cut out of Coomassie Blue-stained blots and se-
quenced by Edman degradation that was performed
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in the protein sequencer (Procise Protein Sequencing
System, PE Applied Biosystems) according to the
standard program (PL PVDF Protein). NH,-terminal
pyroglutamic acid was removed by treating the blot,
blocked with polyvinylpymrolidone, with pyrogluta-
mate aminopeptidase (Calbiochem) [ 20].

2.3. Antibody competition experiments

The immunoassay used to test for potential steric
competition of mAbs 16-F12, 17-C10, and 12-C4 was
set up in the format of an antibody capture assay.
Briefly, Nunc-Immuno (MaxiSorp) plates were coated
with COMP at 2 pg/ml and blocked with 3% BSA for
2 h before use. Sequential dilutions of non-labeled
mAbs (10,000 x, 20,000 x, 40,000 x, 80,000 x,
160,000 x, and 320,000 %), from a stock of approx-
imately 4 mg/ml, werc prepared on a low-binding
Nunc MicroWell plate and then transferred to the
coated and blocked MaxiSorp plate, 50 pl/well. Plates
were incubated for 2 h on an orbital shaker at room
temperaturc. The same non-labeled mAbs, at the same
volume and sequential dilutions as above, were added
in combination with a biotinylated mAb (diluted
5000 x ) without removing the previous contents of
the wells. The final reaction mixture contained bio-
tinylated mAb diluted 10,000 x and one of the six
sequential dilutions of non-labeled mAbs (from
10,000 % to 320,000 <) in a final volume of 100 pl.
The mixture was incubated for 2 h on the orbital shaker
at room temperature. Plates were washed and incubated
for 30 min with streptavidin-biotinylated horseradish
peroxidase complex (Amersham Pharmacia Biotech),
and a substrate for peroxidase (o-phenylenediamine
plus H,O,) was added. The color that developed after
30 min was read at a wavelength of 492 nm.

2.4. COMP ELISA

2.4.1. Competitive inhibition ELISA with mAb 17-C10
This was done essentially as described | 2,21 | with
COMP standard concentrations ranging from 400 to
12.5 ng/ml and serum samples measured simultane-
ously at three dilutions (10 %, 20 X, and 40 x).

2.4.2. Sandwich ELISA
This was done exactly as described |[!%] with
COMP standard concentrations ranging from 400 to

12.5 ng/ml, serum samples diluted 20 x, and synovial
fluid (SF) samples diluted 200 x.

2.5. Standard COMP preparation

The preparation of standard COMP used in
ELISA was purified from macroscopically normal
human hip cartilage according to a protocol that has
been described elsewhere [1V]. By SDS/PAGE gel
under non-reducing and reducing conditions, the
preparation represented high molecular weight oligo-
meric COMP and did not contain low molecular-
weight fragments or non-oligomerized subunits (not
shown).

2.6. Human body fluid samples

To characterize the sandwich ELISA, we meas-
ured COMP levels in four sets of samples. Set I: 93
samples total—sera samples were obtained from 46
OA and 47 rheumatoid arthritis (RA) patients based
upon the diagnosis of record on an inpatient admis-
sion; these samples were used to characterize the
new assay. Set II: 20 pairs of matched synovial fluid
and sera samples were obtained from 10 OA and 10
RA patients at the time of an outpatient visit for knee
joint pain and swelling necessitating therapeutic
arthrocentesis; control serum samples were obtained
from 15 volunteers lacking obvious joint pathology;
and control SF samples were aspirated post-mortem
from nine individuals lacking obvious joint pathol-
ogy; these samples were used to assess COMP levels
in OA, RA, and control sera and synovial fluids. Set
III: serial serum samples from five volunteers lacking
obvious joint pathology were collected on days 1, 2,
4, 8, 16, and 32; these samples were used to assess
day-to-day variability of serum COMP levels. Set IV:
a pair of serum samples was collected from 20
inpatient volunteers with various diseases who
agreed to donate two blood samples during a single
day. The first sample was obtained fasting in the
morning after the patients arose from bed but before
breakfast, while the second sample was obtained
approximately 2 h after lunch; these samples were
used to assess diurnal variability of serum COMP
levels. Collection and analysis of all four sets of
samples were approved by local research ethic com-
mittees.
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2.7. Statistical methods

Correlation between two continuous variables
(COMP concentrations measured with the two assays)
was assessed by linear regression analysis. Differ-
ences in mean COMP levels among groups of subjects
were compared using analysis of variance (one-way
ANOVA), and differcnces between particular groups
were compared using the Bonferroni multiple com-
parisons post hoc test. P-value (two-tailed) of <0.05
was considered significant. The intra- and inter-assay
variability of the ELISA was calculated as described

3. Results

3.1. Epitope mapping by NHy-terminal sequencing of
tryptic fragments

Native human COMP was digested with TPCK-
trypsin. We tested various digestion conditions (vary-
ing concentrations of Ca””, time, and temperature) in
several pilot experiments to find conditions that would
generate COMP fragments with unique immunoreac-
tivity to the individual mAbs. We found that in the
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presence of calcium, the digestion of COMP with
trypsin proceeded for several hours. In contrast, in the
absence of calcium, antigenic fragments recognized
uniquely by mAbs 16-F12 and 17-C10 were generated
within 15 min, and antigenicity of COMP to mAb 12-
C4 was completely destroyed within the first 5 min of
the digestion (Vilim, unpublished results). Selected
antigenic fragments generated during particular di-
gests were cut out of Coomassie Blue-stained Westem
blots and identified by NH,-terminal amino acid
sequencing (l'ig. | ).

Regardless of temperature, time, and the presence
or absence of calcium, digests run under non-reducing
conditions always contained a fragment with M, of
approximately 30 kDa which disappeared in gels run
under reducing conditions (I'iz. 1, gels | and 2, band
1). This fragment was recognized exclusively by mAb
16-F12 and was resistant to sequencing. The mature
secreted subunit of COMP starts with Ganl, after a
signal peptide of 20 amino acids is cleaved off [ [(1];
the NH,-terminal glutamine can be blocked by form-
ing pyroglutamic acid. Indeed, when Western blots of
the 30-kDa fragment were deblocked by treatment
with pyroglutamate peptidase, NH,-terminal amino
acid sequence was obtainable yielding the sequence
GQSPLGSD matching the NH,-end of the COMP
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Fig. 1. Epitope mapping. Westem blots of tryptic digests of COMP were stained with Coomassie Blue (CB) or immunostained with a particular
mAb to COMP as indicated. Conditions of the digests were as follows: Digest I, 0 mmol/l Ca?', 0 °C, 30 min; Digest I1, 12.5 mmol/| Ca®', 37
°C, 6 h; Digest I11, 12.5 mmol/l Ca*", 0 °C, 30 min. SDS/PAGE in 10% gels was run under non-reducing (N) or reducing (R) conditions as
indicated. Positions of molecular mass markers (116,000, 97,400, 66,000, 45,000, and 29,000) are indicated with bars on the left site of each
panel. Fragments that were identified by sequencing their NH,-end are indicated with arrows on the right site of each panel.
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subunit starting with Gly*”. The subsequent trypsin-
generated fragment, starting with Thr®®, was not
recognized by mAb [6-F12. This localized the epitope
for the mAb 16-F12 to the pentameric helical NH,-
terminal domain of COMP and also explained the
disappearance of the 30-kDa band after reduction by
disintegration of the pentamer in five much smaller
fragments of subunits. Immunoprecipitation of COMP
by mAb 16-F12 is almost completely inhibited by
treatment of COMP with reagents reactive towards
amino and sulthydryl groups (DSP and NEM), sug-
gesting that Lys® and Cys® and/or Cys’® may form
part of the epitope (M. Briggs and E. Canty, personal
communication).

The smallest fragment recognized exclusively by
mAb 17-C10 on non-reduced Western blots had a M,
of approximately 22-26 kDa (I'iz. |, gels 1 and 2,
band 2). Its NH,-terminal amino acid sequence
(TGLPSVRPLL) started with Thr®. This particular
fragment was rather broad after SDS/PAGE, possibly
due to glycosylation, since two of three putative N-
glycosylation sites exist within this region of the
COMP subunit [?3]. A COMP fragment of similar
M, and the same NH,-terminal amino acid sequence
was present on reduced Western blots (2. 1, gel 3,
band 3); however, recognition by mAb 17-C10 was lost
upon reduction of the antigen, since mAb 17-C10 binds
to a conformational epitope [I1V}. The subsequent
trypsin-generated fragment starting with Ala**® was
not recognized by mAb 17-C10. This localized the
epitope for the mAb 17-C10 to the EGF-like domain of
the COMP subunit between Thr®® and Ala**°.

Two fragments of approximately 36 and 45 kDa
were recognized exclusively by mAb 12-C4 on
reduced blots of extensive trypsin digests (Fi¢. |,
gel 3, bands 1| and 2). Two NH,-terminal sequences
RAQRFXPDGSP and AQRFXPDGSP were present
in both bands. The cleavage site contains two argi-
nines in tandem at positions 223 and 224 and trypsin
can obviously cleave behind each one of them. Even
the smaller of these two fragments spanned the whole
domain of calcium-binding type 3 repeats (Gly*®’—
Ala***) and extended into the first third of the COOH-
terminal globular domain, approximately up to amino
acid 620. Two more fragments of higher M, (Fiz. I,
gel 4, bands 1 and 2) were recognized by mAb 12-C4;
both of them started with the NH,-terminal amino
acid sequence TGLPSVREP, i.e. they were both gen-

erated by trypsin cleavage between Arg’® and Thr®’.
The smaller of these two fragments (band 2, ~ 48
kDa) extended approximately up to amino acid 540.
The most COOH-terminally located fragment that we
identified in trypsin digests started with Ala®*’
(AVAEP, I'ic. 1, gel 4, band 3). This fragment,
representing the second half of the COOH-terminal
globular domain, was not recognized by mAb 12-C4.
Thus, it could be deduced that the epitope for mAb
12-C4 was localized to the region between Asp®”® (an
approximate end of the 22-kDa fragment recognized
exclusively by mAb 17-C10) and Ala®*°. All four of
the large fragments recognized by mAb 12-C4
spanned the whole calcium-binding domain of type
3 repeats and extended into the first third of the
COOH-terminal globular domain. However, 12-C4
was the only mAb that recognized a recombinant
COOH-terminal domain of human COMP (Glu***—
Ala”") (M. Briggs and P. Holden, personal commu-
nication). Considering all these results together, the
epitope for the mAb 12-C4 can be localized to the
beginning of the COOH-terminal globular domain.

A schematic diagram summarizing the results of
epitope mapping is shown in | i

3.2. Steric competition experiments

The steric competition experiments were set up in
the format of an antibody capture assay, using one
unlabeled mAb and a second biotinylated mAb, with
streptavidin-horseradish peroxidase conjugate for
detection. The combination of an unlabeled mAb with
the same mAb labeled with biotin was used as control;
for all three mAbs, the level of this “‘self-competition”
was 100%. There was no competition evident among
the various pairwise combinations of different mAbs,
indicating that their epitopes did not overlap (l'ig 5.

3.3. Sandwich ELISA for COMP

We elected to use the mAb 16-F12 as the first
(capture) mAb in the sandwich ELISA because its
epitope was mapped to the NH,-terminal helical
domain that is presumably resistant to proteolytic
cleavage. To test mAbs 12-C4 or 17-C10 as the second
mAD in the assay, a collection of clinical samples was
measured using both combinations of mAbs, i.e. either
unlabeled 16-F12 x biotinylated 12-C4 or unlabeled
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Fig. 2. Domain structure of the subunit of COMP. The deduced locations of the epitopes for mAbs [6-F12, 17-C10, and 12-C4 are indicated
together with positions of amino acids that represent the first amino acids of the NH,-ends of identified tryptic fragments (GIn?', Thr*®, Ala®?,
and Ala®?®). The first 20 amino acids represent the signal sequence. The domain of type 2 repeats is also designated as EGF-like domain and the
domain of type 3 repeats is also designated as caimodulin-like or calcium-binding domain.

16-F12 x biotinylated 17-C10, and the results were
compared using linear regression ('ig. <. The biotiny-
Jated second mAbs were interchangeable (+*=0.811;
P<0.0001). Thus, in all the subsequent analyses
described below, COMP was measured with mAb 17-
C10 as the second mAb in the assay.

We were also interested in knowing if our previous
results obtained with a competitive inhibition ELISA
using asingle mAb 17-C10|17.21 | were comparable to
results obtained with the newly developed sandwich

our collection of OA and RA sera measured with both
methods. Standards ranged from 400 to 12.5 ng/ml and
serum samples in both ELISA formats were diluted
similarly (10 x, 20 %, and 40 x). Although the abso-
lute values of the serum levels were shifted with higher
values yielded by the sandwich ELISA, the results of
the two assay methods strongly correlated when com-
pared by means of linear regression (+*=0.836;
P <0.0001). Thus, conclusions resulting from our
studies comparing serum COMP levels in patient

ELISA. I, 5 depicts COMP levels in 93 samples from cohorts should be similar with both ELISA formats.
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Dilution of unlabeled monoclonal antibody (n-mAb)

Fig. 3. Competition experiments. Each panel shows the results of competition for binding to COMP-coated plates between an unlabeled mAb
(n-mAb, as indicated) and each of the three biotinylated mAbs (b-mAb, as indicated). Unlabeled mAbs were tested at six different dilutions
(10,000 x, 20,000 X, 40,000 x, 80,000 x, 160,000 x, and 320,000 x), biotinylated mAbs were always added at an identical dilution

(10,000 ).
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Fig. 4. Linear regression comparing COMP levels (ug/ml) measured
in 93 samples of sera of OA and RA patients by sandwich ELISA
with the mAb 16-FI12 as the unlabeled capture mAb (n-mAb) and
either mAb 17-C10 or mAb 12-C4 as the biotinylated second mAb
(b-mAb). Regression statistics: slope=0.8845 + 0.0447S; Y-inter-
cept—=0.4359 + 0.1754; X-intercept=— 0.4928; 2=0.8 11, Sy.x=
0.4608; F=390.7; P<0.0001.

3.4. Intra- and inter-assay variability

We prepared a large volume of “control” sera which
were stored in aliquots at — 70 °C. Each day, a fresh

COMP (ug/ml) by
sandwich ELISA

2 4 6

COMP (ng/ml) by
inhibition ELISA

Fig. 5. Linear regression comparing COMP levels (ug/ml) measured
in 93 samples of sera of OA and RA patients by sandwich ELISA
(mAbs 16-F12 and b-17-C10) with levels measured by inhibition
ELISA (mAb 17-C10). Regression statistics: slope=1.374 +
0.06380; Y-intercept=—0.2504 +0.1544; X-intercept=0.1823;
r*=0.836; Sy.x=0.4755; F=463.5; P<0.0001.

aliquot was thawed and six repeats were measured on
one plate for 20 consecutive working days (20 plates).
Mean COMP concentration determined by these meas-
urements was [.19 pg/ml; the values were further used
to calculate intra- and inter-assay variability and these
were found to be 6.3% and 7.5%, respectively.

3.5. COMP levels in SFs and sera

COMP levels in SFs of control subjects and
patients with OA or RA are shown in I'ig. 0A. Mean
COMP levels in these groups differed significantly
(ANOVA, P<0.0001). Control subjects had higher
mean COMP levels than OA patients (P <0.05) or

150
A =
.'g 125} N
= Th
© 100+ ke
3: * .
gg 751 2" A,
@5 . *
.Ev 50+ L]
% AA v
(o] 251 “A AAJ
o Yyyv?
v
CTRL OA RA
7
E sB 4
[=2] ’> A
= A
= 5l
£
2, :
3 I * ok **
v
£ 3% o,
o ag® R v
Ba o
[&] —l_lh Ak "v
1t N M
CTRL OA RA

Fig. 6. (A) Synovial fluid concentration of COMP in control
subjects (CTRL, n=8) and patients with osteoarthritis (OA, n=11)
and rheumatoid arthritis (RA, n=10). The horizontal bars indicate
the mean of each group. ***(CTRL) P<0.001 compared with RA,
*(CTRL) P<0.05 compared with OA; *(OA) P<0.05 compared
with RA. (B) Serum concentrations of COMP in control subjects
(CTRL, n=15) and patients with osteoarthritis (OA, n=11) and
rheumatoid arthritis (RA, n=10). The horizontal bars indicate the
mean of each group. ***(OA) P<0.001 compared with CTRL;
**(OA) P<0.0l compared with RA.
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Fig. 7. Serum COMP levels in five volunteers sampled on days 1, 2,
4,8, 16, and 32. The means + S.D. of levels in these six consecutive
collections are shown on the right.

RA patients (£<0.001), and OA patients had higher
mean COMP levels than RA patients (P <0.05)
(Bonferroni multiple comparisons post hoc test).
COMP levels in sera of control subjects and
patients with OA or RA are shown in I'iz. 613, Mean
COMP levels in these groups diftered significantly
(ANOVA, P<0.001). OA patients had higher mean
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COMP levels than control subjects ( P<0.001) or RA
patients (P <0.01); mean COMP levels in sera of
control subjects and RA patients did not differ (Bon-
ferroni multiple comparisons post hoc test).

3.6. Day-to-day and diurnal variability of COMP

levels in sera

Blood of five volunteers with no obvious joint
pathology was collected on 6 consecutive days within
1 month (days 1, 2, 4, 8, 16, and 32). Sera were stored
frozen at — 70 °C until the last sample was collected
then the whole set was assayed simultaneously (I'ig. 71
The subjects displayed little variation in COMP level
during the month of sampling. This is the first exper-
imental confirmation that serum COMP levels can be
compared with radiographs or clinical indices obtained
within a month of blood collection. The blood from
four of these volunteers was collected into two tubes on
the last day of sampling: one was used to prepare
serum, the other, a heparin-coated tube, was used to
prepare plasma. When compared, COMP levels meas-
ured in serum and plasma did not significantly differ
(not shown).

On another occasion, blood of 20 volunteer hospi-
tal patients (5 OA, 8 RA, and 7 patients with various
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Fig. 8. Serum COMP levels in 20 volunteers sampled twice in a single day. Fasting serum (B) was collected in the moming and the second
serum sample was collected approximately 2 h after lunch (A). Each sample was assayed six times; the points and error bars represent
means + S.D. of these six measurements. Volunteers -5 represent patients with OA, volunteers 6—13 represent patients with RA, and
volunteers 1420 represent patients with various diagnoses.
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diagnoses) was collected twice within 1 day. The first
sampling was done in the morning (AM fasting
blood), the second sampling was done in the after-
noon (PM), approximately 2 h after lunch. COMP
levels in these morning and afternoon sera were
compared | %). The AM and PM levels did not
differ in 16 patients, but the PM levels were signifi-
cantly higher in 4 patients (20%). Whether this
increase is related to food intake, physical activity,
or to some other factor is currently open to specula-
tion. However, in light of this diurnal variability, we
recommend using fasting sera collected in the momn-
ing for COMP measurements in clinical studies.

4. Discussion

We mapped the epitopes of three monoclonal
antibodies to three different domains of the COMP
subunit. In the course of pilot experiments, we
observed an increased sensitivity of calcium-depleted
COMP to digestion with trypsin. This is in agreement
with recently published resuits of Chen et al. [2] who
have suggested that in the presence of calcium,
COMP folds into a more compact conformation with
potential cleavage sites protected from a proteolytic
attack.

We can only speculate upon the observed shift of
absolute values of COMP concentrations connected
with the transition from the inhibition to the sandwich
ELISA, with consistently higher levels measured with
the sandwich ELISA. A shift in the opposite direction
would not be surprising as it would indicate that a
portion of measured antigen represents fragments
possessing the epitope for only one mAb and thus
escaping detection by the sandwich assay. It is possi-
ble that non-specific low-level interaction of COMP
with some serum component would prevent it from
binding the mAb 17-C10. thus increasing the level of
free antibody in an inhibition mixture and lowering
apparent COMP levels measured by the inhibition
ELISA relative to the sandwich ELISA. Others have
also suggested the existence of such interactions |2-].
The effect may be prevented in the sandwich ELISA
because of higher avidity of COMP to mAb in this
assay format, as complexes of antigen and antibody
formed on a solid support are generally more stable
than complexes formed, as in the inhibition ELISA, in

a free solution. This assumption is further supported
by the fact that in the inhibition ELISA, the titration
curve observed for serum samples often does not
exactly parallel the titration curve of the COMP
standard, whereas, in the sandwich ELISA, subse-
quent dilutions of a serum sample always yield a
curve that aligns exactly with the standard curve (not
shown). We used a high molecular weight oligomeric
COMP, isolated from normal articular cartilage, as a
calibrator; the nature (e.g. extent of fragmentation) of
the antigenic COMP in human sera is currently
unknown.

The remarkable interchangeability of the sandwich
ELISA using either mAb 12-C4 or mAb 17-C10 as
the secondary antibodies indicates that antigenic
COMP in human sera, as detected by this assay, is
almost exclusively intact molecules containing both
the NH,-terminus (binding site for the capture mAb
16-F12) and the COOH-terminus (binding site for the
detection mAb 12-C4). Hypothetical fragments con-
tamning intact NH,-terminus and lacking the COOH-
terminus (which would escape detection by the
sandwich that uses mAb 12-C4 as the secondary
antibody) are present, if at all, at a very low level
within a range of the variability of the assay. The
presence of hypothetical fragments lacking the oli-
gomerizing NH,-terminal domain, however, cannot
be excluded.

The difference that we found in SF as well as
serum COMP levels between OA and RA patients
reached statistical significance even when the groups
of patients that we compared were very small. This
finding is quite encouraging, as it suggests that the
assay might be able to distinguish between these two
diagnoses even at the level of individual patients.

The highest COMP level in control SFs shown in
Fiu. & may appear somewhat surprising but one
should bear in mind that the total volume of SF in
normal subjects may be an order of magnitude lower
than the SF volume present in the painful and
swollen knees of RA and OA patients requiring
therapeutic arthrocentesis. As we do not know the
total volume of SF from which our OA and RA
samples originated, we cannot calculate the total
absolute quantity of COMP in normal and patholog-
ical SFs. We suppose, however, that for such meas-
ure, the total content of COMP might be lowest for
SFs of control subjects. COMP levels in sera did not
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correlate with SF levels in OA or in RA patients (not
shown); the correlation might, hypothetically, have
improved if correction of SF levels for total SF
volume were possible.

In summary, we have developed and characterized
a sandwich ELISA for COMP that permits sensitive
and reproducible analysis of human sera and SFs. We
anticipate that this assay will be a useful tool for
clinical studies and will further help the understanding
of joint tissue metabolism.
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