
ÌÎÐÔÎÔÓÍÊÖÈÎÍÀËÜÍÛÅ ÈÇÌÅÍÅÍÈß Ò-ËÈÌÔÎÁËÀÑÒÎÂ

ËÈÍÈÈ JURKAT ÏÐÈ ÊÐÀÒÊÎÑÐÎ×ÍÎÌ ÊÎÍÒÀÊÒÅ

Ñ ÐÅËÜÅÔÍÎÉ ÊÀËÜÖÈÉ-ÔÎÑÔÀÒÍÎÉ ÏÎÂÅÐÕÍÎÑÒÜÞ

© È. À. Õëóñîâ,1, 2, * Ë. Ñ. Ëèòâèíîâà,3 Â. Â. Øóïëåöîâà,3 Í. À. Äóíåö,3

Î. Ã. Õàçèàõìàòîâà,3 Ê. À. Þðîâà,3 Ì. Þ. Õëóñîâà,4 Þ. Ï. Øàðêååâ5

1 Êàôåäðà ìîðôîëîãèè è îáùåé ïàòîëîãèè Ñèáèðñêîãî ãîñóäàðñòâåííîãî
ìåäèöèíñêîãî óíèâåðñèòåòà, Òîìñê, 634050,

2 Êàôåäðà ýêñïåðèìåíòàëüíîé ôèçèêè Òîìñêîãî ïîëèòåõíè÷åñêîãî óíèâåðñèòåòà, Òîìñê, 634050,
3 Ëàáîðàòîðèÿ èììóíîëîãèè è êëåòî÷íûõ áèîòåõíîëîãèé

Áàëòèéñêîãî ôåäåðàëüíîãî óíèâåðñèòåòà èì. È. Êàíòà, Êàëèíèíãðàä, 236041,
4 Êàôåäðà ïàòîôèçèîëîãèè Ñèáèðñêîãî ãîñóäàðñòâåííîãî ìåäèöèíñêîãî óíèâåðñèòåòà, Òîìñê, 634050, è

5 Ëàáîðàòîðèÿ ôèçèêè íàíîñòðóêòóðíûõ áèîñîâìåñòèìûõ êîìïîçèòîâ
Èíñòèòóòà ôèçèêè ïðî÷íîñòè è ìàòåðèàëîâåäåíèÿ ÑÎ ÐÀÍ, Òîìñê, 634055;

* ýëåêòðîííûé àäðåñ: khlusov63@mail.ru

È. À. Õëóñîâ è äð.
Ìîðôîôóíêöèîíàëüíûå èçìåíåíèÿ T-ëèìôîáëàñòîâ ëèíèè Jurkat ïðè êðàòêîñðî÷íîì êîíòàêòå

Ëåéêîçíûå Ò-ëèìôîáëàñòîïîäîáíûå êëåòêè ÷åëîâåêà (Ò-êëåòî÷íàÿ ëèíèÿ Jurkat) èñïîëüçîâàíû äëÿ
ìîäåëèðîâàíèÿ ìîðôîôóíêöèîíàëüíîé ðåàêöèè Ò-ëèìôîöèòîâ íà 24-÷àñîâîé êîíòàêò in vitro ñ ðåëüåô-
íûìè ïîäëîæêàìè (12 � 12 � 1 ìì3) èç êîììåð÷åñêè ÷èñòîãî òèòàíà, íåñóùèìè ìèêðîäóãîâîå äâóõ-
ñòîðîííåå êàëüöèé-ôîñôàòíîå (ÊÔ) ïîêðûòèå. Èíäåêñ øåðîõîâàòîñòè ïîäëîæêè Ra ñîñòàâëÿë
2.2—2.7 ìêì. Êîíòðîëÿìè ñðàâíåíèÿ ñëóæèëè êëåòêè Jurkat íà ïëàñòèêîâîé ïîâåðõíîñòè êóëüòóðàëü-
íûõ ïëàíøåòîâ (2D-êîíòðîëü), à òàêæå êëåòêè ïîñëå 24-÷àñîâîãî êîíòàêòà ñ îêñèäíîé (TiO2) ìèêðîäóãî-
âîé ïîâåðõíîñòüþ íà òèòàíîâîé ïîäëîæêå (3D-êîíòðîëü). Êëåòêè 2D-êîíòðîëüíîé êóëüòóðû (27—98 %)
èìåëè èììóíîôåíîòèï CD3+CD4+CD71+CD45RA+ è ñïîíòàííî ñåêðåòèðîâàëè IL-2, IL-4, IL-8, IL-10 è
TNFa, íî íå ñåêðåòèðîâàëè IL-1b è IL-6; äðóãèå ìàðêåðû êëåòî÷íîé àêòèâàöèè, äèôôåðåíöèðîâêè, ñî-
çðåâàíèÿ è ñìåðòè (CD8, CD16, CD56, CD25 è CD95) îáíàðóæåíû ó 0—2.5 % êëåòî÷íîé ïîïóëÿöèè.
Ìèêðîðåëüåôíàÿ ÊÔ-ïîâåðõíîñòü îáðàçöîâ ïîâûøàëà êîíöåíòðàöèþ IL-8 äî 183 è 160 % îò ñîîòâåòñò-
âóþùèõ çíà÷åíèé â 2D- è 3D-êóëüòóðàõ Jurkat Ò-êëåòîê. Ñîîòíîøåíèå CD4/CD8 ïàäàëî äî 9:1 (ïðè 13 : 1 è
82 : 1 â 2D- è 3D-êîíòðîëå ñîîòâåòñòâåííî) çà ñ÷åò êàê ñíèæåíèÿ äîëè CD4+-, òàê è óâåëè÷åíèÿ äîëè
CD8+-êëåòîê. Îáùåå êîëè÷åñòâî êëåòîê (ÎÊÊ) â êóëüòóðå ïîñëå 24-÷àñîâîãî êîíòàêòà ñ ÊÔ-ïîêðûòèåì
îêàçàëîñü ñíèæåííûì äî 88 % îò 2D-êîíòðîëÿ (P < 0.04), ÷òî ìîæåò ñâèäåòåëüñòâîâàòü â ïîëüçó òîðìî-
æåíèÿ ïðîöåññîâ êëåòî÷íîãî äåëåíèÿ. Ñíèæåíèå ÎÊÊ â êóëüòóðå Jurkat ñîïðîâîæäàëîñü óñèëåíèåì
ñïîíòàííîé ñåêðåöèè IL-8 (r = –0.97; P < 0.00009). Ïðè ýòîì IL-8 â íèçêèõ êîíöåíòðàöèÿõ (ïã/ìë) èíäó-
öèðîâàë àïîïòîç (r = 0.94; P < 0.0001). Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò ïðåäïîëîæèòü, ÷òî ÊÔ-ïîêðû-
òèÿ, íî íå îêñèäíûå ïîêðûòèÿ íà òèòàíå ìîãóò èìåòü çíà÷åíèå â ñëó÷àå âûáîðà ìàòåðèàëà ïðè ýíäîïðîòå-
çèðîâàíèè è îñòåîñèíòåçå ïåðåëîìîâ ó áîëüíûõ, ñòðàäàþùèõ îïóõîëÿìè êðîâåòâîðíîé è êîñòíîé òêàíåé.

Ê ë þ ÷ å â û å ñ ë î â à: Ò-êëåòêè Jurkat, ìåìáðàííûå ìàðêåðû, öèòîêèíû, àïîïòîç, íåêðîç, òèòàíîâûå
ïîäëîæêè, ìèêðîäóãîâîå êàëüöèé-ôîñôàòíîå ïîêðûòèå, ìèêðîðåëüåô.

Ï ð è í ÿ ò û å ñ î ê ð à ù å í è ÿ: ÊÔ — êàëüöèé-ôîñôàòíûé, ÎÊÊ — îáùåå êîëè÷åñòâî êëåòîê, CD —
êëàñòåðíûå äåòåðìèíàíòû, IL — èíòåðëåéêèíû, TNFa — ôàêòîð íåêðîçà îïóõîëè àëüôà.

Áûñòðî ïðîëèôåðèðóþùàÿ ëèíèÿ ëåéêîçíûõ Ò-ëèì-
ôîáëàñòîïîäîáíûõ êëåòîê Jurkat ÷åëîâåêà îáëàäàåò õà-
ðàêòåðèñòèêàìè, ñõîäíûìè ñ Ò-ëèìôîöèòàìè ÷åëîâåêà
(Au et al., 2006), àêòèâíî èñïîëüçóåòñÿ äëÿ ìîäåëèðîâà-
íèÿ in vitro ðåàêöèé Ò-ëèìôîöèòîâ ïðè îñòðîì Ò-ëèìôî-
áëàñòíîì ëåéêîçå è ëèìôîìàõ (Chen et al., 2008). Ñ äðó-
ãîé ñòîðîíû, Ò-êëåòêè Jurkat èñïîëüçóþò äëÿ èçó÷åíèÿ
èììóííûõ è öèòîòîêñè÷åñêèõ ðåàêöèé íà ïðîòèâîîïóõî-
ëåâûå ïðåïàðàòû (Liao et al., 2011), òîêñèêàíòû (Luongo
et al., 2014) è áèîìàòåðèàëû (Stevens et al., 2009).

Îäíàêî â áîëüøèíñòâå ñëó÷àåâ èñïîëüçóþò êëåòî÷-
íóþ êóëüòóðó, ñòèìóëèðîâàííóþ ìèòîãåíàìè (ñì., íà-

ïðèìåð: Kenny et al., 2013), õèìè÷åñêèìè àêòèâàòîðàìè è
ìîäèôèêàòîðàìè (Liao et al., 2011), êîòîðûå â çíà÷èòåëü-
íîé ñòåïåíè èñêàæàþò åñòåñòâåííóþ êëåòî÷íóþ ðåàêöèþ
íà òåñòèðóåìûå ëåêàðñòâåííûå âåùåñòâà è ìàòåðèàëû, çà-
òðóäíÿþò èíòåðïðåòàöèþ ïîëó÷åííûõ ðåçóëüòàòîâ.

Â ñâîþ î÷åðåäü áèîëîãè÷åñêîå è ìåäèöèíñêîå ìàòå-
ðèàëîâåäåíèå áûñòðî ðàçâèâàåòñÿ â íàïðàâëåíèè èñêóññò-
âåííîãî âîñïðîèçâåäåíèÿ (ñèìóëÿöèè) óñëîâèé åñòåñò-
âåííîãî ìèêðîîêðóæåíèÿ äëÿ ìîäåëèðîâàíèÿ è èçó÷åíèÿ
ñèãíàëîâ, ðåãóëèðóþùèõ êàê ïîâåäåíèå êëåòîê (Lutolf
et al., 2009), òàê è ñóäüáó èìïëàíòàòîâ â îðãàíèçìå-õîçÿè-
íå (Ratner et al., 2004). Òàê, ïîêàçàíà âîçìîæíîñòü èìèòà-
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öèè ôèçèîëîãè÷åñêîé ãðàíèöû ðàçäåëà êîñòü—êîñòíûé
ìîçã ñ ïîìîùüþ êàëüöèé-ôîñôàòíûõ (ÊÔ) ïîêðûòèé, íà-
íåñåííûõ íà ìåòàëëè÷åñêèå ïîäëîæêè (Õëóñîâ è äð.,
2011).

Îòâåò êëåòî÷íûõ ñèñòåì íà èñêóññòâåííûé ìàòåðèàë
îñíîâàí íà êàñêàäå ñîáûòèé, ðàçâèòèå êîòîðûõ íåèçáåæ-
íî ñîïðîâîæäàåòñÿ àêòèâàöèåé è õîìèíãîì èììóíîêîì-
ïåòåíòíûõ êëåòîê â çîíå èìïëàíòàöèè, ïðîäóêöèåé ïðî- è
ïðîòèâîâîñïàëèòåëüíûõ ìåäèàòîðîâ. Ïðè ýòîì Ò-ëèìôî-
öèòû âûñòóïàþò â ðîëè «äèðèæåðà» âîñïàëèòåëüíûõ è
ðåãåíåðàòèâíûõ ïðîöåññîâ. Êëåòêè Jurkat, ñòèìóëèðîâàí-
íûå in vitro ìèòîãåíàìè èëè õèìè÷åñêèìè àãåíòàìè, ñïî-
ñîáíû ýêñïðåññèðîâàòü øèðîêèé ñïåêòð ìàòðè÷íîé ÐÍÊ
ïîâåðõíîñòíûõ ìîëåêóë è öèòîêèíîâ (Saito et al., 2011).

Ðàíåå ìû óñòàíîâèëè ïîâûøåííûå óðîâíè ýêñïðåñ-
ñèè CD8 è ñåêðåöèè IL-8 â êóëüòóðå êëåòîê Jurkat, êîí-
òàêòèðóþùèõ ñ íàíîñòðóêòóðíûì ãëàäêèì ÊÔ-ïîêðûòè-
åì, ñôîðìèðîâàííûì ìåòîäîì âûñîêî÷àñòîòíîãî ìàãíåò-
ðîííîãî ðàñïûëåíèÿ (Õëóñîâ è äð., 2012). Èçâåñòíî, ÷òî
in vitro ðåàêöèÿ êëåòîê âî ìíîãîì çàâèñèò îò ñîñòàâà (Bla-
ine et al., 1996) è òåõíîëîãèè èçãîòîâëåíèÿ èñêóññòâåííûõ
ìàòåðèàëîâ.

Â ñâÿçè ñ ýòèì â íàñòîÿùåé ðàáîòå èññëåäîâàëè èì-
ìóíîôåíîòèïè÷åñêèå è ñåêðåòîðíûå ðåàêöèè êóëüòóðû
Ò-êëåòîê ëèíèè Jurkat íà êðàòêîñðî÷íûé êîíòàêò ñ ðåëü-
åôíûì ÊÔ- èëè îêñèäíûì (TiO2) ïîêðûòèåì, ñôîðìèðî-
âàííûì ìåòîäîì ìèêðîäóãîâîãî îêñèäèðîâàíèÿ, â ñðàâ-
íåíèè ñ êóëüòóðîé êëåòîê íà ïëàñòèêå.

Ìàòåðèàë è ìåòîäèêà

È ç ã î ò î â ë å í è å è ô è ç è ê î - õ è ì è ÷ å ñ ê è å
ñ â î é ñ ò â à ï î ê ð û ò è é í à ò è ò à í å. Èñïîëüçîâàëè ïîä-
ëîæêè êîììåð÷åñêè ÷èñòîãî òèòàíà (èìåþùåãî ñîñòàâ
(â ìàññîâûõ %): 99.58 Ti, 0.12 O, 0.18 Fe, 0.07 C, 0.04 N è
0.01 H) ðàçìåðîì 12 � 12 � 1 ìì, íåñóùèå äâóõñòîðîí-
íåå ïîêðûòèå èç ôîñôàòîâ êàëüöèÿ. Ïîêðûòèå ôîðìèðî-
âàëè ìåòîäîì ìèêðîäóãîâîãî îêñèäèðîâàíèÿ (Legostaeva
et al., 2013) íà ïîëóïðîìûøëåííîé óñòàíîâêå Micro-
arc-3.0 (Èíñòèòóò ôèçèêè ïðî÷íîñòè è ìàòåðèàëîâåäåíèÿ
ÑÎ ÐÀÍ, Òîìñê) â àíîäíîì ðåæèìå. Ýëåêòðîëèò ñîñòîÿë
(â âåñîâûõ %) èç âîäíîãî ðàñòâîðà îðòîôîñôîðíîé êèñ-
ëîòû (20 %), êàðáîíàòà êàëüöèÿ (9 %) è ñèíòåòè÷åñêîãî
ãèäðîêñèàïàòèòà (6 %). Ïîðîøîê ñèíòåòè÷åñêîãî ãèäðî-
êñèàïàòèòà (ÃÀÏ) ñ äèàìåòðîì ÷àñòèö 40—100 íì ïîëó-
÷åí ìåõàíîõèìè÷åñêèì ñïîñîáîì (×àéêèíà è äð., 2008).

Ì î ð ô î ë î ã è þ è ý ë å ì å í ò í û é ñ î ñ ò à â ï î -
â å ð õ í î ñ ò è î á ð à ç ö î â îïðåäåëÿëè íà ñêàíèðóþùåì
ýëåêòðîííîì ìèêðîñêîïå Quanta 200 ESEM FEG ñî âñòðî-
åííûì EDX-àíàëèçàòîðîì (EDS analysis system Genesis
4000, S-UTW-Si(Li)detector, FEI, Íèäåðëàíäû). Ýëåìåíò-
íûé ñîñòàâ ÊÔ-ïîêðûòèÿ íà òèòàíå âàðüèðîâàë â ñëåäóþ-
ùèõ ïðåäåëàõ (â àòîìíûõ %): 6.6—11.4 Ca, 17.4—21.1 P,
52.0—62.2 O è 12.3—17.8 Ti. Ðåíòãåíîôàçîâûé àíàëèç
(ðåíòãåíîâñêèé äèôðàêòîìåòð Shimadzu XRD-7000, ßïî-
íèÿ) ïîêàçàë ïðåèìóùåñòâåííóþ ðåíòãåíîàìîðôíîñòü
ñôîðìèðîâàííîãî ÊÔ-ïîêðûòèÿ. Íåáîëüøèå ïèêè íà
äèôðàêòîãðàììàõ ñîîòâåòñòâîâàëè ôàçàì áåòà-êàëüöèé-
ïèðîôîñôàòà (b-Ca2P2O7) è ìîíåòèòà (CaHPO4).

Îáíàðóæåíû ñóùåñòâåííûå ðàçëè÷èÿ â ýêñïðåññèè
ãåíîâ è ìîðôîôóíêöèîíàëüíîì ïîâåäåíèè êëåòîê â 2D-
(ñòàíäàðòíîå äâóõìåðíîå êóëüòèâèðîâàíèå íà ïëàñòèêå)
è 3D-êóëüòóðàõ (Birgersdotter et al., 2005). Â ñâÿçè ñ ýòèì
äëÿ îïðåäåëåíèÿ âêëàäà ÊÔ-ïîêðûòèÿ â ðåàêöèþ êëåòîê

íà òðåõìåðíûå (3D) îáðàçöû èñïîëüçîâàëè òèòàíîâûå
ïîäëîæêè àíàëîãè÷íîãî ðàçìåðà è øåðîõîâàòîñòè ñ ìèê-
ðîäóãîâûì ïîêðûòèåì äèîêñèäà òèòàíà TiO2 (ïðè ñîîòíî-
øåíèè àòîìíûõ % 44 Ti è 56 O), ñôîðìèðîâàííûì ñ ïî-
ìîùüþ óñòàíîâêè Microarc-3.0 â âîäíîì ðàñòâîðå
20%-íîé îðòîôîñôîðíîé êèñëîòû, êàê îïèñàíî ðàíåå
(Õëóñîâ è äð., 2015). Áèîèíåðòíûé ñëîé TiO2 ÿâëÿåòñÿ ïå-
ðåõîäíûì ìåæäó òèòàíîâîé ïîäëîæêîé è ñîáñòâåííî
ÊÔ-ïîêðûòèåì (Legostaeva et al., 2013) è ìîæåò ñëóæèòü
3D-êîíòðîëåì äëÿ ñðàâíåíèÿ ñ êëåòî÷íûì îòâåòîì íà
ÊÔ-ïîêðûòèå.

Øåðîõîâàòîñòü TiO2- è ÊÔ-ïîêðûòèé îïðåäåëÿëè ñ
ïîìîùüþ ïðîôèëîìåòðà Talysurf 5-120 (Taylor Hobson
Ltd., Âåëèêîáðèòàíèÿ) ñîãëàñíî ÃÎÑÒ 2789—73 ïî èí-
äåêñó Ra, êîòîðûé ðàññ÷èòûâàåòñÿ êàê ñðåäíåå àðèôìåòè-
÷åñêîå 10 èçìåðåíèé îòêëîíåíèé ïðîôèëÿ ïîâåðõíîñòè â
ïðåäåëàõ áàçîâîé äëèíû èçìåðåíèÿ 1.5 ìì. Ïðèìåíÿëè
îáðàçöû ñ èíäåêñîì øåðîõîâàòîñòè Ra â äèàïàçîíå
2.2—2.7 ìêì, ÷òî ñîîòâåòñòâóåò áèîëîãè÷åñêè àêòèâíîìó
äèàïàçîíó ðåëüåôà ÊÔ-ïîêðûòèé äëÿ ìîðôîôóíêöèî-
íàëüíîé ðåàêöèè êëåòîê ïåðèôåðè÷åñêîé êðîâè (Õëóñîâ
è äð., 2010). Òîëùèíà ÊÔ-ïîêðûòèé, èçìåðåííàÿ ñîãëàñ-
íî ÃÎÑÒ 9.302-88 ÅÑÇÊÑ ñ ïîìîùüþ ìèêðîìåòðà ÌÊ-25
(Ðîññèÿ), ñîñòàâèëà â ñðåäíåì 28—32 ìêì.

Ê ë å ò ê è è ò å ñ ò è ð î â à í è å è õ ì î ð ô î ô ó í ê -
ö è î í à ë ü í î é ð å à ê ö è è. Èñïîëüçîâàëè èììîðòàëèçè-
ðîâàííóþ ëèíèþ Jurkat 5332 ëåéêîçíûõ Ò-ëèìôîáëàñòî-
ïîäîáíûõ êëåòîê ÷åëîâåêà (èç Ðîññèéñêîé êîëëåêöèè
êëåòî÷íûõ êóëüòóð ïîçâîíî÷íûõ Èíñòèòóòà öèòîëîãèè
ÐÀÍ, Ñàíêò-Ïåòåðáóðã) â êîíå÷íîé êîíöåíòðàöèè 1�106

æèçíåñïîñîáíûõ êëåòîê â 1 ìë ïèòàòåëüíîé ñðåäû. Êîí-
öåíòðàöèþ è æèçíåñïîñîáíîñòü êëåòîê äî êóëüòèâèðîâà-
íèÿ îïðåäåëÿëè ñ ïîìîùüþ àâòîìàòè÷åñêîãî ñ÷åò÷èêà
êëåòîê Countess™ Automated Cell Counter (Invitrogen,
ÑØÀ), èñïîëüçóÿ 0.4%-íûé ðàñòâîð òðèïàíîâîãî ñèíåãî
(Invitrogen, ÑØÀ). Äîëÿ æèçíåñïîñîáíûõ êëåòîê ñîñòàâ-
ëÿëà 98 %. Êëåòêè ðåñóñïåíäèðîâàëè â ïîëíîé ïèòàòåëü-
íîé ñðåäå, ñîñòîÿùåé èç 90 % RPMI-1640 (Sigma, ÑØÀ),
10 % èíàêòèâèðîâàííîé (ïðè 56 °Ñ â òå÷åíèå 30 ìèí) ñû-
âîðîòêè êðîâè ýìáðèîíîâ êîðîâ (Sigma, ÑØÀ) è 0.3
ìã/ìë L-ãëóòàìèíà (Sigma, ÑØÀ). Â êàæäóþ èç òðåõ ëó-
íîê 24-ëóíî÷íîãî ïëàíøåòà (Orange Scientific, Áåëüãèÿ;
ïëîùàäü ëóíêè 1.86 ñì2) ïîìåùàëè ïî 1 àòòåñòîâàííîìó
îáðàçöó ñ ÊÔ-ïîêðûòèåì, êóëüòèâèðîâàëè â òå÷åíèå 24 ÷
ïðè 37 °Ñ è 5 % ÑÎ2. Êîíòðîëåì ñëóæèëà êëåòî÷íàÿ
âçâåñü áåç îáðàçöîâ (2D-êîíòðîëü, 6 ëóíîê) èëè ñ ïîäëîæ-
êàìè, íåñóùèìè TiO2-ïîêðûòèå (3D-êîíòðîëü, 3 ëóíêè ñ
îáðàçöàìè).

Ïîñëå êóëüòèâèðîâàíèÿ êëåòî÷íóþ âçâåñü öåíòðèôó-
ãèðîâàëè ïðè 500 g â òå÷åíèå 15 ìèí. Êëåòî÷íûé îñàäîê
èñïîëüçîâàëè äëÿ îöåíêè àïîïòîçà, íåêðîçà, ïðåçåíòàöèè
ìåìáðàííûõ àíòèãåíîâ, íàäîñàäî÷íóþ æèäêîñòü (ñóïåð-
íàòàíò) — äëÿ îïðåäåëåíèÿ êîíöåíòðàöèè öèòîêèíîâ.
Ïðîöåíòíîå ñîîòíîøåíèå æèâûõ è ïîãèáøèõ (àïîïòîòè-
÷åñêèõ è íåêðîòè÷åñêèõ) ôîðì êëåòîê, îáùåå êîëè÷åñòâî
êëåòîê (ÎÊÊ) â ïðîáå îïðåäåëÿëè ìåòîäîì ïðîòî÷íîé
öèòîôëóîðèìåòðèè íà àïïàðàòå Guava EasyCytePlus (Mil-
lipore, ÑØÀ) ñ èñïîëüçîâàíèåì ðåàãåíòà è ïðîãðàììû
Guava Via Count (Millipore, ÑØÀ).

Ð å ã è ñ ò ð à ö è þ à í ò è ã å í í î ã î ï ð î ô è ë ÿ ê ë å -
ò î ê ïðîâîäèëè ìåòîäîì, îñíîâàííûì íà âçàèìîäåéñòâèè
ñïåöèôè÷åñêèõ ìîíîêëîíàëüíûõ àíòèòåë ñ êëàñòåðíûìè
äåòåðìèíàíòàìè íà êëåòî÷íûõ ìåìáðàíàõ â ñîîòâåòñòâèè
ñ èíñòðóêöèåé ôèðìû-ïðîèçâîäèòåëÿ. Ïîñëå êóëüòèâèðî-
âàíèÿ êëåòêè îòìûâàëè ôîñôàòíûì áóôåðîì (ðÍ 7.2) è â

Ìîðôîôóíêöèîíàëüíûå èçìåíåíèÿ T-ëèìôîáëàñòîâ ëèíèè Jurkat ïðè êðàòêîñðî÷íîì êîíòàêòå 779



îáúåìå 10 ìêë ñâÿçûâàëè ñòàíäàðòíûìè ìîíîêëîíàëüíû-
ìè àíòèòåëàìè, ìå÷åííûìè ôëóîðåñöåèíèçîòèîöèàíàòîì
(FITC), àëëîôèêîöèàíèíîì (APC), ôèêîýðèòðèíîì (PE)
èëè ïåðèäèíèíîâûì áåëêîì õëîðîôèëëà (Per-CP) (Ab-
cam, Âåëèêîáðèòàíèÿ; e-Bioscience, ÑØÀ), ê ìàðêåðàì
êëåòî÷íîé ïðîëèôåðàöèè, äèôôåðåíöèðîâêè è ñîçðåâà-
íèÿ (CD3-FITC, CD4-PE, CD8-Per-CP, CD16-FITC,
CD25-APC, CD45RO-FITC, CD45RA-PE, CD56-PE,
CD71-APC è CD95-FITC).

Ïîñëå 30 ìèí èíêóáàöèè â ôîñôàòíîì áóôåðå ñ àíòè-
òåëàìè êëåòêè àíàëèçèðîâàëè íà ïðîòî÷íîì öèòîôëóîðè-
ìåòðå MACS Quant (Miltenyi Biotec, Ãåðìàíèÿ). Îöåíèâà-
ëè ïàðàìåòðû îðàíæåâîé, çåëåíîé è êðàñíîé ôëóîðåñöåí-
öèè â ãåéòå èçó÷àåìûõ êëåòîê, îïðåäåëÿëè äîëþ êëåòîê,
ïðåçåíòèðóþùèõ îïðåäåëåííûå àíòèãåííûå äåòåðìèíàí-
òû. Ðåçóëüòàòû öèòîìåòðè÷åñêîãî àíàëèçà àíàëèçèðîâàëè
ñ ïîìîùüþ ïðîãðàììû KALUZA Analysis Software (Beck-
man Coulter, ÑØÀ).

Äëÿ îöåíêè ñïîíòàííîé ñåêðåöèè èíòåðëåéêèíîâ è
ôàêòîðà íåêðîçà îïóõîëè ïðèìåíÿëè òâåðäîôàçíûé èì-
ìóíîôåðìåíòíûé «ñàíäâè÷åâûé» ìåòîä. Ïðîöåäóðó îñó-
ùåñòâëÿëè ñîãëàñíî èíñòðóêöèÿì, ïðåäëàãàåìûì ïðîèç-
âîäèòåëåì òåñò-ñèñòåì öèòîêèíîâ (Âåêòîð Áåñò, Ðîññèÿ)
íà àâòîìàòè÷åñêîì èììóíîôåðìåíòíîì àíàëèçàòîðå La-
surit (Dynex Technologies, ÑØÀ). Êîíöåíòðàöèþ öèòîêè-
íîâ (IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10 è TNFa) âûðàæàëè
â ïã/ìë.

Ðåçóëüòàòû îáðàáàòûâàëè ñ ïðèìåíåíèåì ïðîãðàììû
STATISTICA for Windows 6.0. Ðàññ÷èòûâàëè ïàðàìåòðû
ðàñïðåäåëåíèé: ìåäèàíó (Ìå), êâàðòèëè 25 % (Q1) è 75 %
(Q3). Äëÿ îöåíêè ñòàòèñòè÷åñêîé çíà÷èìîñòè ðàçëè÷èé
èñïîëüçîâàëè íåïàðàìåòðè÷åñêèé êðèòåðèé Ìàí-
íà—Óèòíè (U-òåñò, PU). Ðàçëè÷èÿ ñ÷èòàëè ñòàòèñòè÷åñêè
çíà÷èìûìè ïðè Ð < 0.05. Ñâÿçü ìåæäó èññëåäóåìûìè ïî-
êàçàòåëÿìè óñòàíàâëèâàëè ñ ïîìîùüþ ðåãðåññèîííîãî (r)
è êîððåëÿöèîííîãî (rS ïî Ñïèðìåíó) àíàëèçîâ.

Ðåçóëüòàòû è îáñóæäåíèå

Ñîãëàñíî ïîëó÷åííûì ðåçóëüòàòàì â ñòàíäàðòíîé
2D-êîíòðîëüíîé êóëüòóðå íà ïëàñòèêîâîé ïîâåðõíîñòè
êóëüòóðàëüíîãî ñîñóäà, êëåòêè Jurkat ÷åëîâåêà ýêñïðåññè-
ðóþò øèðîêèé ñïåêòð ìåìáðàííûõ ìàðêåðîâ (òàáë. 1).
Á*îëüøàÿ ÷àñòü êëåòîê (95 %) ÿâëÿåòñÿ CD45RA+-íàèâíû-
ìè (íå àêòèâèðîâàííûìè àíòèãåíîì) T-êëåòêàìè. Îñíîâ-
íàÿ äîëÿ êëåòîê (27—98 %) â 24-÷àñîâîé êóëüòóðå íåñëà
àíòèãåíû CD3, CD4, CD71 è CD45RA. Äðóãèå ìàðêåðû
êëåòî÷íîé äèôôåðåíöèðîâêè, ñîçðåâàíèÿ è ñìåðòè (CD8,
CD16, CD56, CD25 è CD95) îáíàðóæåíû ìåíåå ÷åì ó
2.5 % îïóõîëåâûõ êëåòîê (òàáë. 1). Ïî ìîðôîôóíêöèî-
íàëüíûì ïàðàìåòðàì âûÿâëåííûé èììóíîôåíîòèï ñîîò-
âåòñòâóåò íàèâíûì (ïîêîÿùèìñÿ) Ò-õåëïåðàì (èíäóêòî-
ðàì) (Gallagher et al., 1989; Law et al., 2008) ñ ýêñïðåññèåé
ðåöåïòîðà ê òðàíñôåððèíó (CD71), ìèòîãåíó Ò-ëèìôîöè-
òîâ (Bi et al., 1997). Òîëüêî ó 0.55 % T-êëåòîê â 24-÷àñî-
âîé êóëüòóðå ïðèñóòñòâóåò CD45RO-èçîôîðìà òðàíñìåì-
áðàííîãî àíòèãåíà, ýêñïðåññèðóþùàÿñÿ in vitro íà àêòè-
âèðîâàííûõ Ò-ëèìôîöèòàõ è (èëè) Ò-êëåòêàõ ïàìÿòè
(Akbar et al., 1988; Law et al., 2008).

Êëåòêè Jurkat ñïîíòàííî ñåêðåòèðîâàëè â ìåæêëåòî÷-
íóþ ñðåäó (òàáë. 2) øèðîêèé ñïåêòð èììóíîìîäóëèðóþ-
ùèõ öèòîêèíîâ è õåìîêèíîâ ñ ïðîâîñïàëèòåëüíîé (IL-2,
IL-8 è TNFa) è ïðîòèâîâîñïàëèòåëüíîé (IL-4 è IL-10) àê-
òèâíîñòüþ (Khalaf et al., 2010). Ïðè ýòîì IL-2, IL-4

(Äå Âèòà è äð., 2002) è IL-8 (Waugh, Wilson, 2008) ïîâû-
øàþò ïðîëèôåðàöèþ è âûæèâàåìîñòü îïóõîëåâûõ êëåòîê
ïîñðåäñòâîì àóòîêðèííûõ (ïàðàêðèííûõ) ñèãíàëüíûõ
ïóòåé.

Òåì íå ìåíåå ñðåäíèé óðîâåíü ñåêðåöèè IL-2 â
5.67 ïã/ìë, îïðåäåëÿåìûé â ñóïåðíàòàíòàõ (òàáë. 2), íå
ñîïðîâîæäàëñÿ ýêñïðåññèåé ðåöåïòîðà (CD25-àíòèãåíà) ê
äàííîìó öèòîêèíó (òàáë. 1). Ïî-âèäèìîìó, IL-2-çàâèñè-
ìûé ïóòü (ñàì öèòîêèí è ðåöåïòîð ê íåìó íà êëåòêàõ),
ñ÷èòàþùèéñÿ îñíîâíûì ìåõàíèçìîì àóòîêðèííîé ïðîëè-
ôåðàöèè Ò-êëåòîê Jurkat, â íàøåì èññëåäîâàíèè íå ÿâëÿë-
ñÿ îïðåäåëÿþùèì äëÿ âûæèâàåìîñòè îïóõîëåâîãî êëîíà
in vitro.

Â ñâîþ î÷åðåäü IL-1 ðàññìàòðèâàåòñÿ êàê àóòîêðèí-
íûé êîñòèìóëÿòîð ðîñòà ëåéêîçíûõ ëèìôîáëàñòîâ (Jas-
min et al., 1990), â òîì ÷èñëå ëèíèè Jurkat (Arana-Argaez
et al., 2010), è ýíäîãåííûé èíãèáèòîð èõ CD95-îïîñðåäî-
âàííîãî àïîïòîçà (Tatsuta et al., 1996). IL-6 òàêæå äåéñò-
âóåò àíòèàïîïòîòè÷åñêè â îòíîøåíèè Ò-êëåòîê (Law
et al., 2008).

Â óñëîâèÿõ îòñóòñòâèÿ ñåêðåöèè êîñòèìóëèðóþùèõ
àóòîêðèííûõ ôàêòîðîâ (IL-1 è IL-6; òàáë. 2) îáíàðóæåí-
íûé äèñáàëàíñ ñåêðåöèè IL-2 (òàáë. 2) ïðè ïîëíîì îòñóò-
ñòâèè ýêñïðåññèè åãî ðåöåïòîðà (CD25 àíòèãåíà) (òàáë. 1)
ìîã ëåæàòü â îñíîâå ìåäëåííîãî ðîñòà êëåòîê Jurkat
in vitro. Êðîìå òîãî, IL-10 ñïîñîáåí èíäóöèðîâàòü àíåð-
ãèþ Ò-êëåòîê (Groux et al., 1996), ïîäàâëÿòü èõ ïðîëèôå-
ðàöèþ è àêòèâàöèþ, èíãèáèðîâàòü ýêñïðåññèþ IL-2 (Kha-
laf et al., 2010). Â îïðåäåëåííîé ñòåïåíè äàííûå, ïîëó÷åí-
íûå â ñòàíäàðòíîé êóëüòóðå Jurkat, ïîäòâåðæäàþò
ãèïîòåçó (Raff et al., 1993) î íåîáõîäèìîñòè íåñêîëüêèõ
«ñèãíàëîâ âûæèâàíèÿ» äëÿ ïîäàâëåíèÿ ãåíåòè÷åñêîé
ïðîãðàììû êëåòî÷íîé ñìåðòè.

Ìû íå ïðèìåíÿëè ìèòîãåíû, öèòîêèíû èëè õèìè÷å-
ñêèå àêòèâàòîðû, óâåëè÷èâàþùèå êîíöåíòðàöèþ öèòîêè-
íîâ â ñóïåðíàòàíòàõ êëåòî÷íûõ êóëüòóð â 100—1000 ðàç
(Terui et al., 1998), ÷òî ñïîñîáñòâóåò àäàïòàöèè (âûæèâà-
íèþ) êëåòî÷íîé êóëüòóðû, òðóäíî äîñòèæèìîé â åñòåñò-
âåííûõ óñëîâèÿõ. Â ñâÿçè ñ ýòèì, ñîãëàñíî äàííûì
òàáë. 1, ÷àñòü êëåòîê Jurkat â 24-÷àñîâîé êóëüòóðå ïîãèáà-
ëà â ðåçóëüòàòå àïîïòîçà (ìåäèàíà 5.2 %) è íåêðîçà (ìå-
äèàíà 8.2 %).

Äîáàâëåíèå â êëåòî÷íóþ êóëüòóðó îáðàçöîâ òèòàíà ñ
TiO2-ïîêðûòèåì (3D-êîíòðîëü äëÿ ÊÔ-ïîêðûòèé) èçìå-
íÿëî ìîðôîôóíêöèîíàëüíîå ñîñòîÿíèå ëåéêîçíûõ Ò-ëèì-
ôîáëàñòîèäíûõ êëåòîê ÷åëîâåêà (òàáë. 1, 2). Êîíòàêò ñ
÷óæåðîäíîé ïîâåðõíîñòüþ íå âûçûâàë óâåëè÷åíèÿ ýêñï-
ðåññèè íèçêîìîëåêóëÿðíîé èçîôîðìû CD45-ìîëåêóëû
(CD45RO), õàðàêòåðíîé äëÿ ñòèìóëèðîâàííûõ Ò-êëåòîê.
Îäíàêî ïðîòî÷íàÿ öèòîôëóîðèìåòðèÿ ïîêàçàëà óìåíüøå-
íèå (òàáë. 1) äîëè êëåòîê, ýêñïðåññèðóþùèõ àíòèãåíû
äèôôåðåíöèðîâêè è ñîçðåâàíèÿ Ò-êëåòîê: CD3 — íà 0.5,
CD4 — íà 2.1 %, à CD8 — â 6 ðàç â ñðàâíåíèè ñ êîíò-
ðîëåì.

Êðàòêîñðî÷íûé êîíòàêò Ò-êëåòîê ñ TiO2-ïîêðûòèåì
íå ñîïðîâîæäàëñÿ èçìåíåíèåì ñåêðåöèè IL-2, îñíîâíîãî
ëèìôîêèíà, ïðîäóöèðóåìîãî ýòîé êëåòî÷íîé ëèíèåé.
Â òî æå âðåìÿ âûõîä IL-4, ñïîñîáíîãî òîæå óñèëèâàòü
ðîñò Ò-êëåòîê è ãåíåðàöèþ öèòîòîêñè÷åñêèõ Ò-ëèìôîöè-
òîâ (Äå Âèòà è äð., 2002), ñíèæàëñÿ äî íóëåâîãî çíà÷åíèÿ
(òàáë. 2).

Òàêèì îáðàçîì, áèîèíåðòíàÿ TiO2-ïîâåðõíîñòü (Oga-
wa, 2014) âûçûâàëà ìîðôîôóíêöèîíàëüíóþ èíàêòèâàöèþ
Ò-êëåòîê Jurkat. Îíà íå ñîïðîâîæäàëàñü óñèëåíèåì ïðî-
öåññîâ àïîïòîçà èëè íåêðîçà â âûáðàííîé íàìè êëåòî÷-

780 È. À. Õëóñîâ è äð.



íîé ñèñòåìå (òàáë. 1) âñëåäñòâèå óìåíüøåíèÿ àê-
òèâíîñòè êîìïîíåíòîâ ñóïåðñåìüè TNF
(CD95(Fas/APO-1) è TNFa). Ñåêðåöèÿ êëåòêàìè
TNFa è ýêñïðåññèÿ èìè CD95 ñíèæàëèñü ñîîòâåò-
ñòâåííî äî 90 (PU < 0.01) è 56 (PU < 0.002) % ïî
ñðàâíåíèþ ñ ñîîòâåòñòâóþùèìè ïîêàçàòåëÿìè â
2D-êîíòðîëå (òàáë. 1, 2).

Ðåëüåôíàÿ ÊÔ-ïîâåðõíîñòü (èíäåêñ øåðîõîâà-
òîñòè Ra = 2.5—2.6 ìêì), êàê è ðåëüåôíîå TiO2 -ïî-
êðûòèå (Ra = 2.2—2.7 ìêì) ïîäàâëÿëè ñåêðåöèþ
IL-4 (òàáë. 2). Êðîìå òîãî, óìåíüøàëñÿ âûõîä IL-2
è IL-10 (â 1.5—2 ðàçà) â ìåæêëåòî÷íóþ ñðåäó. Íà-
ïðîòèâ, êîíöåíòðàöèÿ IL-8 â ñóïåðíàòàíòàõ êëåòîê,
êîíòàêòèðîâàâøèõ ñ ÊÔ-ïîêðûòèåì, âîçðàñòàëà äî
183 è 160 % â 2D- è 3D-êîíòðîëå ñîîòâåòñòâåííî
(òàáë. 2). Ïðè ýòîì íà 1 % (PU < 0.013) óìåíüøà-
ëàñü ýêñïðåññèÿ ðåöåïòîðà òðàíñôåððèíà (CD71),
ïàäàëî ñîîòíîøåíèå CD4/CD8 (9 : 1 ïðè 13 : 1 â
2D-êîíòðîëå è 82:1 â 3D-êîíòðîëå) çà ñ÷åò êàê ñíè-
æåíèÿ (ïî ñðàâíåíèþ ñ 2D-êîíòðîëåì) äîëè
CD4+-êëåòîê, òàê è óâåëè÷åíèÿ äîëè CD8+-êëåòîê
ïî îòíîøåíèþ ê îáîèì êîíòðîëÿì (òàáë. 1). Äîëÿ
CD8+-Ò-êëåòîê ðîñëà ëèíåéíî ñ óâåëè÷åíèåì øå-
ðîõîâàòîñòè ÊÔ-ïîêðûòèÿ (r = 0.69, P < 0.005,
n = 15).

Èíòåðåñíî, ÷òî ñòàòèñòè÷åñêè çíà÷èìîå (íî
ìåíåå âûðàæåííîå â ñðàâíåíèè ñ ìèêðîäóãîâûìè
ÊÔ-ïîêðûòèÿìè) ïîâûøåíèå óðîâíÿ ýêñïðåññèè
CD8 è ñåêðåöèè IL-8 â êóëüòóðå êëåòîê Jurkat, êîí-
òàêòèðóþùèõ ñ íàíîñòðóêòóðíûì òîíêèì (òîëùè-
íîé ìåíåå 1 ìêì), ãëàäêèì (Ra 1 ìêì) ÊÔ-ïîêðû-
òèåì, íî ñôîðìèðîâàííûì ìåòîäîì âûñîêî÷àñòîò-
íîãî ìàãíåòðîííîãî ðàñïûëåíèÿ, áûëî ïîêàçàíî
íàìè ðàíåå (Õëóñîâ è äð., 2012). Âîçìîæíî, ñóùå-
ñòâóþò îáùèå çàêîíîìåðíîñòè ìîðôîôóíêöèî-
íàëüíîé ðåàêöèè ýòèõ êëåòîê íà ÊÔ-ïîâåðõíîñòè
íåçàâèñèìî îò òåõíîëîãèè èõ ôîðìèðîâàíèÿ è ôè-
çèêî-õèìè÷åñêèõ îñîáåííîñòåé.

Ýêñïðåññèÿ IL-8, ïðîâîñïàëèòåëüíîãî õåìîêè-
íà ïîäñåìåéñòâà CXC, ðåãóëèðóåòñÿ øèðîêèì
ñïåêòðîì ñèãíàëîâ. Ê íèì îòíîñÿòñÿ TNFa, IL-1b,
öèòîñòàòè÷åñêèå ïðåïàðàòû, ãèïîêñèÿ, èøåìèÿ
(Brat et al., 2005) è äðóãèå ðàññòðîéñòâà òêàíåâîãî
ãîìåîñòàçà, ñîïðîâîæäàþùèåñÿ ðîñòîì êîíöåíòðà-
öèé TNFa è IL-1b (Baggiolini, Clark-Lewis, 1992),
÷òî ñâèäåòåëüñòâóåò îá èçìåíåíèè ñîñòîÿíèÿ êëå-
òî÷íîãî ìèêðîîêðóæåíèÿ. Â íàøèõ ýêñïåðèìåíòàõ
ñ ÊÔ-ïîêðûòèåì âûñîêàÿ ñåêðåöèÿ IL-8 íå áûëà
ñâÿçàíà ñ èçìåíåíèåì óðîâíåé áåëêîâ îñòðîé ôàçû
âîñïàëåíèÿ (òàáë. 2) è ìîãëà áûòü îáóñëîâëåíà
ïðÿìûì è îïîñðåäîâàííûì (÷åðåç ïðîäóêòû áèî-
äåãðàäàöèè) âëèÿíèåì ñòðóêòóðèðîâàííûõ ôîñôà-
òîâ êàëüöèÿ. Â ïëàíå îáñóæäåíèÿ âîçìîæíûõ ìå-
õàíèçìîâ âûÿâëåííîãî ôåíîìåíà âàæíûìè ïðåä-
ñòàâëÿþòñÿ ðåçóëüòàòû î âëèÿíèè âíåêëåòî÷íîãî
êàëüöèÿ íà àêòèâàöèþ è ïðîëèôåðàöèþ Ò-êëåòîê
(Dadsetan et al., 2008).

Íàøè äàííûå ïîêàçàëè, ÷òî îáùåå êîëè÷åñòâî
êëåòîê (ÎÊÊ) â êóëüòóðå Jurkat ïîñëå 24-÷àñîâîãî
êîíòàêòà ñ ÊÔ-ïîêðûòèåì îêàçàëîñü ñíèæåííûì
äî 88 % îò ïîêàçàòåëÿ 2D-êîíòðîëÿ (PU < 0.04), ÷òî
ìîæåò ñâèäåòåëüñòâîâàòü â ïîëüçó òîðìîæåíèÿ ïðî-
öåññîâ èõ äåëåíèÿ. Íå áûëî âûÿâëåíî ñòàòèñòè÷å-
ñêèõ ðàçëè÷èé ìåæäó ôîðìàìè ãèáåëè êëåòîê â
ñðàâíèâàåìûõ ãðóïïàõ (òàáë. 1). Îäíàêî êîððåëÿ-
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öèÿ äîëè æèçíåñïîñîáíûõ Ò-êëåòîê ñ äîëåé íåêðîòè÷åñêèõ
êëåòîê â ïîïóëÿöèè áûëà îáðàòíîé (rS = –0.95, P < 0.0001,
n = 9), ðåãðåññèîííûé àíàëèç ïîêàçàë ëèíåéíóþ çàâèñè-
ìîñòü ýòèõ ïîêàçàòåëåé (r = –0.99, P < 0.0000004, n = 9).
Êîððåëÿöèîííûé àíàëèç âûÿâèë îáðàòíóþ çàâèñèìîñòü
ÎÊÊ îò êîíöåíòðàöèè IL-8 (rS = = –0.81, P < 0.016, n = 8) â
óñëîâèÿõ 24-÷àñîâîãî ñîêóëüòèâèðîâàíèÿ êëåòîê Jurkat ñ
ÊÔ-ïîêðûòèåì. Ðåãðåññèîííûé àíàëèç ïîäòâåðäèë ñèëü-
íóþ ëèíåéíóþ ñâÿçü ïîêàçàòåëåé (ñì. ðèñóíîê).

×àñòü àâòîðîâ ñ÷èòàþò IL-8 àóòîêðèííûì (ïàðàêðèí-
íûì) ôàêòîðîì, ïîçâîëÿþùèì îïóõîëåâûì êëåòêàì àäàï-
òèðîâàòüñÿ ê ðàçíîîáðàçíûì ñòðåññàì, óñèëèâàÿ âûæèâà-
íèå è ïðîëèôåðàöèþ (Waugh, Wilson, 2008). Äðóãèå ðàñ-
ñìàòðèâàþò ýòîò öèòîêèí êàê ôàêòîð, èíäóöèðóþùèé
àïîïòîç Jurkat è äðóãèõ ëåéêåìè÷åñêèõ ëèíèé (K562,
HL-60, KG-1, U937 è THP-1) (Terui et al., 1998).

Ïîëó÷åííûå íàìè ðåçóëüòàòû îäíîçíà÷íî ãîâîðÿò î
òîì, ÷òî ïðè 24-÷àñîâîì êîíòàêòå ñ ðåëüåôíûì ÊÔ-ïî-
êðûòèåì óñèëåíèå ñïîíòàííîé ñåêðåöèè IL-8 ñîïðîâîæ-

äàåòñÿ ñíèæåíèåì ÎÊÊ â êóëüòóðå êëåòîê Jurkat (ñì. ðè-
ñóíîê). Ïðè ýòîì äàæå â íèçêèõ êîíöåíòðàöèÿõ (ïã/ìë)
IL-8 èíäóöèðóåò èõ àïîïòîç (rS = 0.78, P < 0.014, n = 9; r =
= 0.94, P < 0.0001, n = 9). Â ñëó÷àå TiO2-ïîêðûòèÿ ïîäîá-
íûõ çàêîíîìåðíîñòåé íå îáíàðóæåíî. Îñíîâíàÿ ñòðàòå-
ãèÿ (èììóíî)áèîòåðàïèè ëåéêåìèè ñâÿçàíà ñ èíäóêöèåé
àïîïòîçà ëåéêîçíûõ êëåòîê (Fisher, 1994). Ïîëó÷åííûå
ðåçóëüòàòû ìîãóò èìåòü çíà÷åíèå â ñëó÷àå âûáîðà ìàòå-
ðèàëà ïðè ýíäîïðîòåçèðîâàíèè è îñòåîñèíòåçå ïåðåëîìîâ
ó áîëüíûõ, ñòðàäàþùèõ îïóõîëÿìè êðîâåòâîðíîé è êîñò-
íîé òêàíåé.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ðîñ-
ñèéñêîãî íàó÷íîãî ôîíäà (ïðîåêò 16-15-10031; ñðàâíè-
òåëüíûé àíàëèç ðåçóëüòàòîâ êóëüòèâèðîâàíèÿ êëåòîê â
2D- è 3D-êóëüòóðàõ) è Ðîññèéñêîãî ôîíäà ôóíäàìåíòà-
ëüíûõ èññëåäîâàíèé (ïðîåêò 15-03-07659; èçãîòîâëåíèå
òðåõìåðíûõ ìàòðèêñîâ è òåñòèðîâàíèå èõ ôèçèêî-õèìè-
÷åñêèõ ñâîéñòâ äëÿ êóëüòèâèðîâàíèÿ êëåòîê).
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Ò à á ë è ö à 2

Êîíöåíòðàöèÿ öèòîêèíîâ â ñóïåðíàòàíòàõ Jurkat Ò-êëåòîê ïîñëå 24 ÷ êóëüòèâèðîâàíèÿ ñ ìîäåëüíûìè èìïëàíòàòàìè,
íåñóùèìè ðàçíîâèäíîñòè ìèêðîäóãîâîãî ïîêðûòèÿ íà òèòàíîâîé ïîäëîæêå

Êîíöåíòðàöèÿ öèòîêèíîâ, ïã/ìë (n = 12)

IL-1b IL-2 IL-4 IL-6 IL-8 IL-10 TNFa

Ê ë å ò î ÷ í à ÿ ê ó ë ü ò ó ð à í à ï ë à ñ ò è ê î â î é ï î â å ð õ í î ñ ò è ê ó ë ü ò ó ð à ë ü í î ã î ï ë à í ø å ò à (2 D - ê î í ò ð î ë ü)

0
(0—0.23)

5.67
(5.46—5.98)

1.10
(0.74—1.24)

0 11.12
(9.18—12.59)

6.10
(5.40—6.96)

14.95
(13.97—15.51)

Ê ë å ò î ÷ í à ÿ ê ó ë ü ò ó ð à â ï ð è ñ ó ò ñ ò â è è î á ð à ç ö î â ñ T i O 2 - ï î ê ð û ò è å ì (3 D - ê î í ò ð î ë ü)

0
(0—0.10)

6.10
(3.30—8.10)

0
(0—0.79)

P1 < 0.007

0 12.78
(11.71—13.22)

7.80
(4.87—9.86)

13.48
(8.0—14.15)

P1 < 0.01

Ê ë å ò î ÷ í à ÿ ê ó ë ü ò ó ð à â ï ð è ñ ó ò ñ ò â è è î á ð à ç ö î â ñ ê à ë ü ö è é - ô î ñ ô à ò í û ì ï î ê ð û ò è å ì (ý ê ñ ï å ð è ì å í ò)

0 (0—0) 3.79
(1.14—5.35)

P1 < 0.05

0
(0—0)

P1 < 0.001
P2 < 0.05

0 20.46
(19.15—24.42)

P1 < 0.001
P2 < 0.001

3.0
(2.05—3.95)
P1 < 0.001
P2 < 0.001

15.13
(13.05—16.08)

P2 < 0.01

Ðåãðåññèîííàÿ çàâèñèìîñòü îáùåãî êîëè÷åñòâà êëåòîê (ÎÊÊ)
îò êîíöåíòðàöèè IL-8 â êóëüòóðå êëåòîê Jurkat ïîñëå 24-÷àñî-
âîãî êîíòàêòà ñ ðåëüåôíûì êàëüöèé-ôîñôàòíûì ïîêðûòèåì íà

òèòàíîâîé ïîäëîæêå.



åì. Áþë. ñèá. ìåä. 4 : 78—85. (Khlusov I. A., Surmeneva M. A.,
Surmenev R. A., Ryazantseva N. V., Savelieva O. Ye., Ivano-
va A. A., Prokhorenko T. S., Tashireva L. A., Dvornichenko M. V.,
Pichugin V. F. 2012. Cellular and molecular aspects of immunolo-
gic compatibility of implants with nanostructured calcium pho-
sphate coating. Bull. Sib. Med. 4 : 78—85.)

Õëóñîâ È. À., Øàðêååâ Þ. Ï., Ïè÷óãèí Â. Ô., Ëåãîñòàå-
âà Å. Â., Ëèòâèíîâà Ë. Ñ., Ùóïëåöîâà Â. Â., Ñîõîíåâè÷ Í. À.,
Õàçèàõìàòîâà Î. Ã., Õëóñîâà Ì. Þ., Ãóòîð Ñ. Ñ., Òîëêà÷å-
âà Ò. Â. 2015. Âëèÿíèå ñòðóêòóðû ïîâåðõíîñòè îêñèäíûõ ïî-
êðûòèé òèòàíà íà èììóíîêîìïåòåíòíûå îïóõîëåâûå êëåòêè.
Èçâ. âûñøèõ ó÷åáíûõ çàâåäåíèé. Ôèçèêà. 58 (11) : 40—46.
(Khlusov I. A., Sharkeev Yu. P., Pichugin V. F., Legostaeva E. V.,
Litvinova L. S., Shupletsova V. V., Sokhonevich N. A., Khaziakhma-
tova O. G., Khlusova M. Yu., Gutor S. S., Tolkacheva T. V. 2016.
Influence of the structure of the titanium oxide coating surface on
immunocompetent tumor cells. Russian Physics J. 58 (11) :
1527—1533.)

Õëóñîâ È. À., Øåâöîâà Í. Ì., Õëóñîâà Ì. Þ., Çàéöåâ Ê. Â.,
Øàðêååâ Þ. Ï., Ïè÷óãèí Â. Ô., Ëåãîñòàåâà Å. Â. 2011. Êîíöåï-
öèÿ «íèøà—ðåëüåô» äëÿ ñòâîëîâûõ êëåòîê êàê îñíîâà áèîìè-
ìåòè÷åñêîãî ïîäõîäà ê èíæåíåðèè êîñòíîé è êðîâåòâîðíîé
òêàíåé. Êëåòî÷íàÿ òðàíñïëàíòîëîãèÿ è òêàíåâàÿ èíæåíåðèÿ.
6 (2) : 55—64. (Khlusov I. A., Shevtsova N. M., Khlusova M. Yu.,
Zaitsev K. V., Sharkeev Yu. P., Pichugin V. F., Legostaeva E. V.
2011. Niche-relief conception for stem cells as a basis of biomime-
tic approach to bone and hemopoietic tissues engineering. Cell.
Transplant. Tissue Eng. 6 (2) : 55—64.)

×àéêèíà Ì. Â., Óâàðîâ Í. Ô., Óëèõèí À. Ñ., Õëóñîâ È. À.
2008. Ìåõàíîõèìè÷åñêèé ñèíòåç íàíîðàçìåðíûõ ôóíêöèî-
íàëüíûõ ìàòåðèàëîâ ñî ñòðóêòóðîé àïàòèòà. Âîïð. ìàòåðèàëî-
âåä. 54 (2) : 219—232. (Chaikina M. V., Uvarov N. F., Uli-
hin A. S., Khlusov I. A. 2008. Mechanochemical synthesis of nano-
sized functional materials with the apatite-type structure. Problems
Materials Sci. 54 (2) : 219—232.)

Akbar A. N., Terry L., Timms A., Beverley P. C., Janossy G.
1988. Loss of CD45R and gain of UCHL1 reactivity is a feature of
primed T cells. J. Immun. 140 : 2171—2178.

Arana-Argaez V. E., Delgado-Rizo V., Pizano-Martinez O. E.,
Martinez-Garcia E. A., Martin-Marquez B. T., Munoz-Gomez A.,
Petri M. H., Armendariz-Borunda J., Espinosa-Ramirez G., Zuni-
ga-Tamayo D. A., Herrera-Esparza R., Vazquez-Del Mercado M.
2010. Inhibitors of MAPK pathway ERK1/2 or p38 prevent the
IL-1-induced up-regulation of SRP72 autoantigen in Jurkat cells.
J. Biol. Chem. 285 : 32 824—32 833.

Au A., Ha J., Hernandez M., Polotsky A., Hungerford D. S.,
Frondoza C.G. 2006. Nickel and vanadium metal ions induce apo-
ptosis of T-lymphocyte Jurkat cells. J. Biomed. Mater. Res. A.
79 (3): 512—521.

Baggiolini M., Clark-Lewis I. 1992. Interleukin-8, a chemotac-
tic and inflammatory cytokine: minireview. FEBS. 307 : 97—101.

Bi B. Y., Lefebvre A. M., Dus D., Spik G., Mazurier J. 1997.
Effect of lactoferrin on proliferation and differentiation of the Jur-
kat human lymphoblastic T cell line. Arch. Immunol. Ther. Exp.
(Warsz.). 45 : 315—320.

Birgersdotter A., Sandberg R., Ernberg I. 2005. Gene expres-
sion perturbation in vitro — a growing case for three-dimensional
(3D) culture systems. Semin. Cancer Biol. 15 : 405—412.

Blaine T. A., Rosier R. N., Puzas J. E., Looney R. J., Rey-
nolds P. R., Reynolds S. D., O’Keefe R. J. 1996. Increased levels of
tumor necrosis factor-a and Interleukin-6 protein and messenger
RNA in human peripheral blood monocytes due to titanium partic-
les. J. Bone Joint Surgery (American). 78 : 1181—1192.

Brat D. J., Bellail A. C., Van Meir E. G. 2005. The role of In-
terleukin-8 and its receptors in gliomagenesis and tumoral angioge-
nesis. Neuro-oncology. 7 : 122—133.

Chen X., Su J., Chang J., Kanekura T., Li J., Kuang Y. H.,
Peng S., Yang F., Lu H., Zhang J. L. 2008. Inhibition of CD147
gene expression via RNA interference reduces tumor cell prolifera-
tion, activation, adhesion, and migration activity in the human Jur-
kat T-lymphoma cell line. Cancer Invest. 26 : 689—697.

Dadsetan S., Zakharova L., Molinski T. F., Fomina A. F. 2008.
Store-operated Ca2+ influx causes Ca2+ release from the intracel-
lular Ca2+ channels that is required for T cell activation. J. Biol.
Chem. 283 : 12 512—12 519.

Fisher D. E. 1994. Apoptosis in cancer therapy: crossing the
threshold. Cell. 78 : 539—542.

Gallagher P. F., de St. Groth B. F., Miller J. F. 1989. CD4 and
CD8 molecules can physically associate with the same T-cell re-
ceptor. PNAS USA. 86 : 10 044—10 048.

Groux H., Bigler M., de Vries J. E., Roncarolo M. G. 1996. In-
terleukin-10 induces a long-term antigen-specific anergic state in
human CD4+ T cells. J. Exp. Med. 184 : 19—29.

Jasmin C., Georgoulias V., Smadja-Joffe F., Boycheix C.,
Le Bousse-Kerdiles C., Allouche M., Cibert Ch., Azzarone B. 1990.
Autocrine growth of leukemic cells. Leukemia Res. 14 : 689—693.

Kenny O. M., McCarthy C. M., Brunton N. P., Hossain M. B.,
Rai D. K., Collins S. G., Jones P. W., Maguire A. R., O’Brien N. M.
2013. Anti-inflammatory properties of potato glycoalkaloids in sti-
mulated Jurkat and Raw 264.7 mouse macrophages. Life Sci. 92 :
775—782.

Khalaf H., Jass J., Olsson P. E. 2010. Differential cytokine re-
gulation by NF-kappaB and AP-1 in Jurkat T-cells. BMC Immunol.
11 : 26. Doi: 10.1186/1471-2172-11-26.

Law H. K. W., Tu W., Liu E., Lau Y. L. 2008. Insulin-like
growth factor I promotes cord blood T cell maturation through mo-
nocytes and inhibits their apoptosis in part through interleukin-6.
BMC Immunol. 9 : 74—86.

Legostaeva E. V., Kulyashova K. S., Komarova E. G., Ep-
ple M., Sharkeev Y. P., Khlusov I. A. 2013. Physical, chemical and
biological properties of micro-arc deposited calcium phosphate co-
atings on titanium and zirconium-niobium alloy. Materialwiss
werkst. 44 : 188—197.

Liao H. F., Chen Y. J., Chou C. H., Wang F. W., Kuo C. D.
2011. Norcantharidin induces cell cycle arrest and inhibits progres-
sion of human leukemic Jurkat T cells through mitogen-activated
protein kinase-mediated regulation of Interleukin-2 production. To-
xicol. In Vitro. 25 : 206—212.

Luongo D., Russo R., Balestrieri A., Marzocco S., Bergamo P.,
Severino L. 2014. In vitro study of AFB1 and AFM1 effects on hu-
man lymphoblastoid Jurkat T-cell model. J.Immunotoxicol. 11 :
353—358.

Lutolf M. P., Gilbert P. M., Blau H. M. 2009. Designing mate-
rials to direct stem-cell fate. 462 : 433—441.

Ogawa T. 2014. Ultraviolet photofunctionalization of titanium
implants. Int. J. Oral Maxillofac. Implants. 29 : 95—102.

Raff M. C., Barres B., Burne J. F., Coles H. S., Ishizaki Y., Ja-
cobson M. D. 1993. Programmed cell death and the control of cell
survival: lessons from the nervous system. Science. 262 :
695—700.

Ratner B. D., Hoffman A. S., Schoen F. J., Lemons J. E. 2004.
Biomaterials science: an introduction to materials in medicine. 2nd

Ed. San Diego: Elsevier AP. 851 p.
Saito R., Hirakawa S., Ohara H., Yasuda M., Yamazaki T.,

Nishii S., Aiba S. 2011. Nickel differentially regulates NFAT and
NF-kB activation in T cell signaling. Toxicol. Appl. Pharmacol.
254 : 245—255.

Stevens M. J., Donato L. J., Lower S. K., Sahai N. 2009. Oxi-
de-dependent adhesion of the Jurkat line of T lymphocytes. Lang-
muir. 25 : 6270—6278.

Tatsuta T., Cheng J., Mountz J. D. 1996. Intracellular IL-1beta
is an inhibitor of Fas-mediated apoptosis. J. Immunol. 157 :
3949—3957.

Terui Y., Ikeda M., Tomizuka H., Kasahara T., Ohtsuki T.,
Uwai M., Mori M., Itoh T., Tanaka M., Yamada M., Shimamura S.,
Ishizaka Y., Ikeda K., Ozawa K., Miura Y., Hatake K. 1998. Activa-
ted endothelial cells induce apoptosis in leukemic cells by endothe-
lial Interleukin-8. Blood. 92 : 2672—2680.

Waugh D. J. J., Wilson C. 2008. The Interleukin-8 pathway in
cancer. Clin. Cancer Res. 14 : 6735—6741.

Ïîñòóïèëà 29 IV 2016

Ìîðôîôóíêöèîíàëüíûå èçìåíåíèÿ T-ëèìôîáëàñòîâ ëèíèè Jurkat ïðè êðàòêîñðî÷íîì êîíòàêòå 783



MORPHOFUNCTIONAL CHANGES OF JURKAT LINE T-LYMPHOBLASTS

AT SHORT-TERM CONTACT WITH RELIEF CALCIUM PHOSPHATE SURFACE
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Human leukemic T-lymphoblastoid cells (hereinafter Jurkat T-cells) were used to model T-lymphocytes
morphofunctional reaction to 24-h in vitro contact with relief (roughness index Ra = 2.2—2.7 mm) pure tita-
nium substrates (12�12�1 mm3) covered by calcium phosphate (CP) bilateral coating that was prepared
by micro-arc method. Jurkat T-cell culture on plastic surface of well plate (2D control of culture growth),
as well as the cells that contacted for 24 h with oxide (TiO2) micro-arc coating on pure titanium substrate
(3D control) served as comparison tests. 27—98 % of immortalized cells in 2D control culture had
CD3+CD4+CD71+CD45RA+ immunophenotype and secreted IL-2, IL-4, IL-8, IL-10 and TNFa, but not IL-1b
and IL-6. Other markers of cell activation, differentiation, maturation and death (CD8, CD16, CD56, CD25,
CD95) were found at 0—2.5% of the cell population. Microtextured CP surface elevated statistically IL-8 out-
come to 183 and 160 % of corresponding control values in 2D- and 3D-cultures of Jurkat T-cells. CD4/CD8 ra-
tio fell to 9 : 1 (at 13 : 1 and 82 : 1 in 2D- and 3D-controls, respectively) both by CD4+ depletion and by CD8+

cell percent raise. Total amount of cells (TAC) in Jurkat T-cell culture after 24-h contact with CP coating was
decreased to 88 % 2D control level (P < 0.04) that could favor to a suppression of cell division. TAC reduction
in Jurkat T-cell culture was accompanied by accelerated IL-8 spontaneous secretion (r = –0.97, P < 0.00009).
For all this, IL-8 induced apoptosis (r = 0.94, P < 0.0001) in low concentrations (pg/ml). The obtained result is
the feature of Jurkat T-cells reaction on CP but not TiO2 coatings, and it may be used in case of materials selec-
tion for endoprosthesis replacement and fracture osteosynthesis in patients suffering by hematological and bone
malignancies.

K e y w o r d s: Jurkat T-cell line, membrane markers, cytokines, apoptosis, necrosis, titanium substrates,
micro-arc calcium phosphate coating, microtopography.
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