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Îáçîð ïîñâÿùåí ïðîáëåìàì ïîëó÷åíèÿ íîâûõ àíòèðàáè÷åñêèõ âàêöèí ñ ïîìîùüþ ðåêîìáèíàíòíûõ òåõíîëîãèé. Íî-
âûå ïîäõîäû ê ñîçäàíèþ àíòèðàáè÷åñêèõ âàêöèí âêëþ÷àþò ìåòîäû îáðàòíîé ãåíåòèêè, ïîëó÷åíèå àíòèãåíîâ âèðóñà
áåøåíñòâà â êóëüòóðàõ ðàñòèòåëüíûõ êëåòîê, ïîëó÷åíèå âèðóñîïîäîáíûõ ÷àñòèö è êîíñòðóèðîâàíèå ÄÍÊ-âàêöèí è
âàêöèí íà îñíîâå ðàçëè÷íûõ âèðóñíûõ âåêòîðîâ. Ìåòîäû îáðàòíîé ãåíåòèêè ïîçâîëÿþò ñ ïîìîùüþ ïëàçìèä êîíñò-
ðóèðîâàòü àòòåíóèðîâàííûå øòàììû âèðóñà áåøåíñòâà. Íàêîïëåíèå îñíîâíîãî àíòèãåíà âèðóñà áåøåíñòâà — ãëè-
êîïðîòåèíà G â êóëüòóðàõ ðàñòèòåëüíûõ êëåòîê ÿâëÿåòñÿ ïåðñïåêòèâíûì ñ òî÷êè çðåíèÿ ïîëó÷åíèÿ «ñúåäîáíûõ»
âàêöèí, íå òðåáóþùèõ òùàòåëüíîé î÷èñòêè àíòèãåíà è ìíîãîêðàòíîãî ïàðåíòåðàëüíîãî ââåäåíèÿ. Âèðóñîïîäîáíûå
÷àñòèöû ñïîñîáíû íåñòè ñðàçó íåñêîëüêî àíòèãåíîâ âèðóñà áåøåíñòâà, à òàêæå ðàçëè÷íûå ìîëåêóëÿðíûå àäúþâàí-
òû. ÄÍÊ-âàêöèíû õàðàêòåðèçóþòñÿ ïðîñòîòîé ïîëó÷åíèÿ è íåâûñîêîé ñòîèìîñòüþ, îäíàêî òðåáóþò ðàçëè÷íûõ ñïî-
ñîáîâ ïîâûøåíèÿ èììóíîãåííîñòè. Áîëüøîé èíòåðåñ ïðåäñòàâëÿþò êàíäèäàòíûå àíòèðàáè÷åñêèå âàêöèíû íà îñ-
íîâå ðàçëè÷íûõ âèðóñíûõ âåêòîðîâ, ýêñïðåññèðóþùèõ ãåí îñíîâíîãî àíòèãåíà âèðóñà áåøåíñòâà — ãëèêîïðîòåèíà
G. Íà ñåãîäíÿøíèé ìîìåíò àêòèâíî ïðèìåíÿþò âåòåðèíàðíûå âàêöèíû íà îñíîâå ðåêîìáèíàíòíûõ âèðóñà îñïîâàê-
öèíû è àäåíîâèðóñà ÷åëîâåêà ïÿòîãî ñåðîòèïà. Ðåïëèêàòèâíî-äåôôåêòíûé àäåíîâèðóñ ÷åëîâåêà ïÿòîãî ñåðîòèïà
ÿâëÿåòñÿ ïåðñïåêòèâíûì êàíäèäàòîì è ïðè ñîçäàíèè âàêöèí äëÿ ìàññîâîé èììóíèçàöèè íàñåëåíèÿ.
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Áåøåíñòâî — ýòî îñòðàÿ âèðóñíàÿ èíôåêöèÿ, âûçûâàåìàÿ
âèðóñàìè, ïðèíàäëåæàùèìè ê ðîäó Lyssavirus ñåìåéñòâà
Rhabdoviridae, ñîïðîâîæäàþùàÿñÿ äåãåíåðàöèåé íåéðî-
íîâ ãîëîâíîãî è ñïèííîãî ìîçãà ñ ëåòàëüíûì èñõîäîì [1].
Áåøåíñòâîì ñòðàäàþò íàçåìíûå è ëåòàþùèå ìëåêîïèòàþ-
ùèå, çàáîëåâàíèå ðàçâèâàåòñÿ ïîñëå óêóñà èëè îñëþíå-
íèÿ ðàíû èíôèöèðîâàííûì æèâîòíûì. Ïîäàâëÿþùåå
áîëüøèíñòâî (~99 %) ñëó÷àåâ èíôèöèðîâàíèÿ ÷åëîâåêà
ïðèõîäèòñÿ íà âèðóñ áåøåíñòâà (Rabies virus) [2]. Âèðóñ
áåøåíñòâà — ÐÍÊ-ñîäåðæàùèé âèðóñ ðàçìåðîì
75–180 íì, îêðóæåííûé ëèïîïðîòåèíîâîé îáîëî÷êîé, âû-
ñòëàííîé èçíóòðè ìàòðèêñíûì Ì-áåëêîì. Ñíàðóæè îò îáî-
ëî÷êè îòõîäÿò øèïû ãëèêîïðîòåèíà G, îòâå÷àþùåãî çà
àäñîðáöèþ è âíåäðåíèå âèðóñà â êëåòêó. Ðèáîíóêëåîïðî-
òåèí âèðóñà áåøåíñòâà ñîñòîèò èç îäíîíèòåâîé ëèíåéíîé
ìèíóñ-ÐÍÊ è áåëêîâ: N-áåëêà (nuñleocapsid), L-áåëêà
(large) è Ð-áåëêà (phosphoprotein) [1].

Åæåãîäíî â ìèðå îò 12 äî 15 ìëí ÷åëîâåê íóæäàþòñÿ
â ìåäèöèíñêîì âìåøàòåëüñòâå ïîñëå óêóñà ïîòåíöèàëüíî
áåøåíîãî æèâîòíîãî. Îò 50000 äî 100000 ñìåðòåé â ìèðå
(ïðåèìóùåñòâåííî â ñòðàíàõ Àçèè è Àôðèêè) åæåãîäíî
ïðîèñõîäèò â ðåçóëüòàòå èíôèöèðîâàíèÿ âèðóñîì áåøåí-
ñòâà [3]. Â Ðîññèéñêîé Ôåäåðàöèè çà ìåäèöèíñêîé ïîìî-
ùüþ â ñâÿçè ñ íàïàäåíèåì æèâîòíûõ åæåãîäíî îáðàùà-
þòñÿ áîëåå 360 òûñ. ÷åëîâåê [4]. Âñå ïîñòðàäàâøèå ïðîõî-
äÿò êóðñ ââåäåíèé âàêöèíû ïðîòèâ áåøåíñòâà â ñî÷åòàíèè
ñ àíòèðàáè÷åñêèìè èììóíîãëîáóëèíàìè. Íåñìîòðÿ íà ýòè
ìåðû, â Ðîññèè åæåãîäíî ðåãèñòðèðóåòñÿ îò ÷åòûðåõ äî
22 ñëó÷àåâ ñìåðòè îò áåøåíñòâà [5].

Äëÿ âàêöèíàöèè ïðîòèâ áåøåíñòâà ëþäåé, âõîäÿùèõ
â ãðóïïû ðèñêà (îõîòíèêîâ, ñïåëåîëîãîâ è äð.), à òàêæå
ëþäåé, èìåâøèõ êîíòàêò ñ áåøåíûì æèâîòíûì, ïðèìåíÿ-
þò èíàêòèâèðîâàííûå àíòèðàáè÷åñêèå âàêöèíû. Ñóùåñò-

âóþùèå íà ñåãîäíÿøíèé äåíü âàêöèíû ýôôåêòèâíû,
îäíàêî â ðÿäå ñëó÷àåâ èõ ïðèìåíåíèå ñâÿçàíî ñ ðèñêîì
ðàçâèòèÿ ïîáî÷íûõ ðåàêöèé àëëåðãè÷åñêîãî, íåðâíîïàðà-
ëèòè÷åñêîãî èëè ýíöåôàëèòíîãî õàðàêòåðà. Êðîìå òîãî,
äëÿ äîñòèæåíèÿ çíà÷èìîãî èììóííîãî îòâåòà èíàêòèâè-
ðîâàííûå âàêöèíû òðåáóþò ìíîãîêðàòíîãî ââåäåíèÿ, ÷òî
÷àñòî ÿâëÿåòñÿ ïðè÷èíîé íåïîëíîãî ïðîõîæäåíèÿ êóðñà
àíòèðàáè÷åñêîé ïðîôèëàêòèêè [6].

Â ïîñëåäíèå äåñÿòèëåòèÿ ïîÿâèëèñü ïðèíöèïèàëüíî
íîâûå ïîêîëåíèÿ âàêöèí — âàêöèí ñ çàðàíåå ïðîãðàììè-
ðóåìûìè ñâîéñòâàìè. Âîçìîæíîñòü âíîñèòü íàïðàâëåí-
íûå ìóòàöèè â âèðóñíûé ãåíîì, óäâàèâàòü ñîäåðæàíèå öå-
ëåâûõ ãåíîâ, ñîçäàâàòü õèìåðíûå áåëêè è ñèíòåçèðîâàòü
èõ â óäîáíûõ ñèñòåìàõ — âñå ýòî îòêðûëî øèðîêèå ïåð-
ñïåêòèâû äëÿ ðàçðàáîòêè íîâûõ, â òîì ÷èñëå àíòèðàáè÷å-
ñêèõ âàêöèí. Âûõîäÿò íà ìèðîâîé ðûíîê èëè íàõîäÿòñÿ íà
ðàçíûõ ñòàäèÿõ êëèíè÷åñêèõ èññëåäîâàíèé âàêöèíû íà
îñíîâå ðåêîìáèíàíòíîãî âèðóñà áåøåíñòâà èëè åãî áåë-
êîâ, ðàçðàáàòûâàþòñÿ ãåííî-èíæåíåðíûå âàêöèíû íà
áàçå ðàçëè÷íûõ âèðóñíûõ è ÄÍÊ-âåêòîðîâ [5–8].

Ïîëó÷åíèå àíòèðàáè÷åñêèõ âàêöèí
ìåòîäàìè îáðàòíîé ãåíåòèêè

Â 1994 ã. Conzelmann è Schnell îïèñàëè ñïîñîá ïîëó÷åíèå
øòàììà SAD-B19 âèðóñà áåøåíñòâà ñ ïîìîùüþ ïëàçìèä,
êîäèðóþùèõ âèðóñíûé ãåíîì [9]. Ñåãîäíÿ ìåòîäû îáðàò-
íîé ãåíåòèêè èñïîëüçóþò äëÿ ïîâûøåíèÿ èììóíîãåííîñòè
âàêöèííûõ øòàììîâ âèðóñà áåøåíñòâà, à òàêæå äëÿ êîíñò-
ðóèðîâàíèÿ íîâûõ àòòåíóèðîâàííûõ øòàììîâ.

Îäíèì èç ñïîñîáîâ ïîâûøåíèÿ èììóíîãåííîñòè âàê-
öèííûõ øòàììîâ âèðóñà áåøåíñòâà ÿâëÿåòñÿ ïîëó÷åíèå
èõ ðåêîìáèíàíòíûõ âàðèàíòîâ, íåñóùèõ äîïîëíèòåëüíûé
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ãåí, êîäèðóþùèé ãëèêîïðîòåèí G. Áûëè ïîëó÷åíû íåñó-
ùèå äâå êîïèè ãåíà ãëèêîïðîòåèíà G âàêöèííûå øòàììû
SPBNGA-GA [10], rLEP-G (íà îñíîâå LEP-øòàììà) [11] è
HEP-dG (íà îñíîâå øòàììà Flury-HEP) [12]. Âñå îíè ïîêà-
çàëè áîëåå âûñîêóþ èììóíîãåííîñòü è ïðîòåêòèâíûå
ñâîéñòâà ïî ñðàâíåíèþ ñ ðîäèòåëüñêèìè øòàììàìè [6].

Äëÿ àòòåíóèðîâàíèÿ âèðóñà áåøåíñòâà ïðîâîäÿò ìî-
äèôèêàöèè èëè äåëåöèè ãåíîâ, êîäèðóþùèõ G, P è Ì áåë-
êè. Áûë ïîëó÷åí ðåêîìáèíàíòíûé âèðóñ áåøåíñòâà
ERAG3G, íåñóùèé ãëèêîïðîòåèí G ñ àìèíîêèñëîòíîé çà-
ìåíîé Arg333 � Glu333. Òàêîé âèðóñ ïîòåðÿë íåéðîâèðó-
ëåíòíûå ñâîéñòâà è ïîêàçàë ñïîñîáíîñòü èíäóöèðîâàòü
âûñîêèå óðîâíè íåéòðàëèçóþùèõ àíòèòåë ïðè èììóíèçà-
öèè ìûøåé è ñîáàê [13–15]. Àòòåíóèðîâàííûé âèðóñ áå-
øåíñòâà, ïîëó÷åííûé ïóòåì óäàëåíèÿ Ì-ãåíà ó øòàììà
SAD-B19, ïðè èììóíèçàöèè ìàêàê-ðåçóñîâ èíäóöèðîâàë
ïîÿâëåíèå â 4 ðàçà áîëåå âûñîêîãî óðîâíÿ âèðóñ-íåéòðà-
ëèçóþùèõ àíòèòåë, ÷åì êîììåð÷åñêàÿ âàêöèíà [16].

Òàêæå ñâîè âèðóëåíòíûå ñâîéñòâà ïîòåðÿëè ðåêîìáè-
íàíòíûå âèðóñû áåøåíñòâà rHEP-MIP1�, íåñóùèé ãåí ìàê-
ðîôàãàëüíîãî áåëêà âîñïàëåíèÿ 1�, è LBNSE-GM-CSF, íå-
ñóùèé ãåí ãðàíóëîöèòàðíî-ìàêðîôàãàëüíîãî êîëîíèåñòè-
ìóëèðóþùåãî ôàêòîðà (GM-CSF). Îáà ýòèõ âèðóñà ïðè
èììóíèçàöèè ëàáîðàòîðíûõ æèâîòíûõ îáëàäàëè âûñîêîé
èììóíîãåííîñòüþ è ïðîòåêòèâíûìè ñâîéñòâàìè [17, 18]. Íà
îñíîâå øòàììà âèðóñà áåøåíñòâà SPBN óäàëîñü ïîëó÷èòü
íåïàòîãåííûé äëÿ ìûøåé ðåêîìáèíàíòíûé âèðóñ SPBN-�,
íåñóùèé ãåí ìûøèíîãî èíòåðôåðîíà ãàììà IFN-ã [19].

Ðåêîìáèíàíòíûé âèðóñ áåøåíñòâà RABV-mICAM-1
áûë ïîëó÷åí ïóòåì ââåäåíèÿ â ãåíîì ìûøèíîãî ãåíà, êî-
äèðóþùåãî ìîëåêóëó âíóòðèêëåòî÷íîé àäãåçèè ICAM-1
(intercellular adhesion molecule-1). Ñâÿçûâàíèå ICAM-1 ñ
ìåìáðàííûì áåëêîì LFA-1 (Lymphocyte Function-
associated Antigen-1) Â-êëåòîê ïðèâîäèëî ê èõ àêòèâàöèè
è óëó÷øåíèþ ãóìîðàëüíîãî èììóííîãî îòâåòà. Áûëî ïîêà-
çàíî, ÷òî äëÿ äîñòèæåíèÿ çíà÷èòåëüíûõ èììóííûõ ðåàê-
öèé òðåáîâàëàñü ìåíüøàÿ äîçà âèðóñà, ÷åì ïðè èììóíèçà-
öèè ìûøåé ðîäèòåëüñêèì øòàììîì [20].

Ñëåäóåò îòìåòèòü, ÷òî àòòåíóèðîâàííûå âàêöèíû ìî-
ãóò ñ óñïåõîì ïðèìåíÿòüñÿ äëÿ ïåðîðàëüíîé âàêöèíàöèè
æèâîòíûõ, îäíàêî èõ ïðèìåíåíèå äëÿ âàêöèíàöèè ëþäåé
ñîïðÿæåíî ñ ðÿäîì òðóäíîñòåé. Òàê ââåäåíèå àòòåíóèðî-
âàííûõ âàêöèí ñîâìåñòíî ñ àíòèðàáè÷åñêèì èììóíîãëî-
áóëèíîì G ìîæåò ïðèâåñòè ê èíàêòèâàöèè âàêöèíû è ñó-
ùåñòâåííîìó ñíèæåíèþ åå ýôôåêòèâíîñòè. Êðîìå òîãî, àò-
òåíóèðîâàííûå âàêöèíû ìîãóò íåñòè ðèñê îñòàòî÷íîé
âèðóëåíòíîñòè, à òàêæå âûçûâàòü àëëåðãè÷åñêèå è íåâðî-
ëîãè÷åñêèå îñëîæíåíèÿ [6, 7].

Ïîëó÷åíèå ðåêîìáèíàíòíûõ áåëêîâ
âèðóñà áåøåíñòâà è èõ ýïèòîïîâ
ñ ïîìîùüþ êëåòîê ðàñòåíèé

Åùå îäíèì ñîâðåìåííûì ïîäõîäîì ê ñîçäàíèþ àíòèðàáè-
÷åñêèõ âàêöèí ÿâëÿåòñÿ êîíñòðóèðîâàíèå âàêöèí íà îñíî-
âå ðåêîìáèíàíòíûõ áåëêîâ âèðóñà áåøåíñòâà è èõ ýïèòî-
ïîâ. Êàê èçâåñòíî, ãóìîðàëüíûé èììóííûé îòâåò èìååò ðå-
øàþùåå çíà÷åíèå äëÿ çàùèòû îò âèðóñà áåøåíñòâà, à åãî
îñíîâíîé ìèøåíüþ ÿâëÿåòñÿ ãëèêîïðîòåèí G âèðóñà —
åäèíñòâåííûé ýêñïîíèðîâàííûé íà ïîâåðõíîñòè âèðèîíà
áåëîê. Ïîýòîìó ãëèêîïðîòåèí G è åãî ýïèòîïû — ýòî íàè-
áîëåå ïåðñïåêòèâíûå îáúåêòû äëÿ ñîçäàíèÿ ðåêîìáè-
íàíòíûõ ñóáúåäèíè÷íûõ âàêöèí [8]. ×àñòî äëÿ íàðàáîòêè
ýòèõ áåëêîâ èñïîëüçóþò êëåòêè ðàñòåíèé. Àíòèãåíû, ñèí-
òåçèðîâàííûå â êëåòêàõ ðàñòåíèé, íå òðåáóþò ñëîæíûõ
ñõåì î÷èñòêè è ââåäåíèÿ è ñïîñîáíû ïîïàäàòü íåïîñðåä-

ñòâåííî â ïèùåâàðèòåëüíûé òðàêò âìåñòå ñ ðàñòåíèåì.
Ðàñòèòåëüíûå âàêöèíû õàðàêòåðèçóþòñÿ áîëåå íèçêîé
ñòîèìîñòüþ, ÷åì èõ àíàëîãè, ïîëó÷åííûå ñ ïîìîùüþ äðó-
ãèõ ñèñòåì ýêñïðåññèè, è õîðîøî ïîäõîäÿò äëÿ ìàññîâîé
èììóíèçàöèè íàñåëåíèÿ [21].

Ïèîíåðñêîå èññëåäîâàíèå, ïðîâåäåííîå McGarvey è
ñîàâò. [22] ïîêàçàëî, ÷òî ãëèêîïðîòåèí G âèðóñà áåøåíñò-
âà ìîæåò áûòü íàêîïëåí â òîìàòàõ ñ èñïîëüçîâàíèåì àãðî-
áàêòåðèàëüíîé òåõíèêè òðàíñôîðìàöèè. Â äàëüíåéøåì
óäàëîñü ïîâûñèòü óðîâåíü ïðîäóêöèè G-áåëêà â ðàñòè-
òåëüíûõ êëåòêàõ ëèñòüåâ òàáàêà ïóòåì îïòèìèçàöèè êîäî-
íîâ â ãåíå G-áåëêà è èñïîëüçîâàíèÿ ñèãíàëà óäåðæàíèÿ
ýíäîïëàçìàòè÷åñêîãî ðåòèêóëóìà (ÝÐ), ÷òî ñïîñîáñòâîâà-
ëî íàêîïëåíèþ áåëêà â ÝÐ è ïðèâîäèëî ê çíà÷èòåëüíîìó
ïîâûøåíèþ óðîæàéíîñòè [21, 23].

Êóêóðóçà òàêæå áûëà èñïîëüçîâàíà äëÿ ýêñïðåññèè
ãëèêîïðîòåèíà G âèðóñà áåøåíñòâà øòàììà Âíóêîâî
[21, 24]. Áûë äîñòèãíóò âûñîêèé âûõîä ðåêîìáèíàíòíîãî
áåëêà â êóêóðóçíûõ çåðíàõ; ïåðîðàëüíàÿ èììóíèçàöèÿ
îâåö òàêîé êàíäèäàòíîé âàêöèíîé ïðèâîäèëà ê ôîðìèðî-
âàíèþ ïðîòåêòèâíîãî èììóíèòåòà ó 83 % æèâîòíûõ. Òàêæå
ñîîáùàëîñü î ñèíòåçå ãëèêîïðîòåèíà G âèðóñà àðêòè÷å-
ñêîãî áåøåíñòâà â ìîðêîâè [21, 25].

Â êëåòêàõ ðàñòåíèé áûëè ïîëó÷åíû ôüþæí-áåëêè, ñî-
äåðæàùèå G-áåëîê âèðóñà áåøåíñòâà è ðàçëè÷íûå ìîëå-
êóëÿðíûå àäúþâàíòû. Òàê ôúþæí-áåëîê, ñîñòîÿùèé èç
G-áåëêà âèðóñà áåøåíñòâà øòàììà ERA è B-ñóáúåäèíèöû
õîëåðíîãî òîêñèíà (ÑÒÂ), áûë ïîëó÷åí â òðàíñãåííîì òàáà-
êå [26]. Òàêæå áûëà ïîëó÷åíà êóëüòóðà «hairy roots» (êóëü-
òóðà èçîëèðîâàííûõ êîðíåé ðàñòåíèé) [27] òîìàòîâ, ýêñ-
ïðåññèðóþùàÿ ôúþæí-áåëîê, ñîäåðæàùèé ãëèêîïðîòåèí
G âèðóñà áåøåíñòâà è Â-öåïü ðèöèíà (RGP-RTB), êîòîðàÿ
îáåñïå÷èâàëà ýíäîöèòîç ôúþæí-áåëêà íà ïîâåðõíîñòè
ñëèçèñòîé. Ãèáðèäíûé áåëîê RGP-RTB áûë ñïîñîáåí èíäó-
öèðîâàòü ãóìîðàëüíûé èììóííûé îòâåò ó ìûøåé ïðè ïåðî-
ðàëüíîì ââåäåíèè áåç ïðèìåíåíèÿ àäúþâàíòîâ [21, 28].

Ïîìèìî G-áåëêà âèðóñà áåøåíñòâà, â ðàñòåíèÿõ áûëè
ýêñïðåññèðîâàíû è äðóãèå âèðóñíûå àíòèãåíû. Òàê áûëà
ïîêàçàíà ñòàáèëüíàÿ ýêñïðåññèÿ N-áåëêà âèðóñà àðêòè÷å-
ñêîãî áåøåíñòâà ëèñû â òîìàòàõ è â Nicotiana benthamiana
(òàáàêå Áåíòõàìà) [21, 29].

Â ðàáîòå Yusibov è ñîàâò. [30] áûë ïîëó÷åí õèìåðíûé
âèðóñ ìîçàèêè ëþöåðíû (AIMV, Alstroemeria Mosaic Virus),
ó êîòîðîãî áåëêè îáîëî÷êè ïðåäñòàâëÿëè ñîáîé ôüþæí-
êîíñòðóêöèè, âêëþ÷àþùèå ïåïòèä Drg24, ñîñòîÿùèé èç
Â-êëåòî÷íûõ ýïèòîïîâ ãëèêîïðîòåèíà G è Ò-êëåòî÷íûõ
ýïèòîïîâ N-áåëêà âèðóñà áåøåíñòâà. Âèðóñ AIMV áûë óñ-
ïåøíî ñîáðàí â êóëüòóðå øïèíàòà. Èììóíèçàöèÿ ïî ñõåìå,
ïðåäïîëàãàþùåé êîðìëåíèå ìûøåé ðåêîìáèíàòíûì
øïèíàòîì, ïðèâîäèëà ê èíäóêöèè âûñîêîãî óðîâíÿ IgA
(èììóíîãëîáóëèíà À) â êèøå÷íèêå è óìåíüøåíèþ êëèíè-
÷åñêèõ ïðèçíàêîâ çàáîëåâàíèÿ ïîñëå çàðàæåíèÿ æèâîò-
íûõ àòòåíóèðîâàííûì âèðóñîì áåøåíñòâà. Â êà÷åñòâå
«ñúåäîáíîé» âàêöèíû òðàíñãåííûé øïèíàò âûçûâàë óâå-
ëè÷åíèå óðîâíÿ àíòèðàáè÷åñêèõ àíòèòåë ó äîáðîâîëüöåâ,
óæå èììóíèçèðîâàííûõ êîììåð÷åñêîé àíòèðàáè÷åñêîé
âàêöèíîé [21, 31].

Âèðóñîïîäîáíûå ÷àñòèöû
êàê àíòèðàáè÷åñêèå âàêöèíû

Âèðóñîïîäîáíûå ÷àñòèöû (ÂÏ×) ïðåäñòàâëÿþò ñîáîé àí-
òèãåííûå äåòåðìèíàíòû âèðèîíîâ áåç ôðàãìåíòîâ ãåíîìà.
ÂÏ× èìèòèðóþò íàòèâíóþ âèðóñíóþ ÷àñòèöó è, òàê êàê íå
íåñóò âèðóñíîãî ãåíîìà, íå ìîãóò áûòü ïðè÷èíîé èíôåê-
öèè. ÂÏ× ÿâëÿþòñÿ ïåðñïåêòèâíûìè âàêöèííûìè êàíäè-
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äàòàìè è ñïîñîáíû èíäóöèðîâàòü ìîùíûå ãóìîðàëüíûé è
êëåòî÷íûé èììóííûå îòâåòû. Òàêæå ÂÏ× ìîãóò íåñòè ðàç-
ëè÷íûå èíîðîäíûå ìîëåêóëû, ÷òî ïîçâîëÿåò âêëþ÷àòü â
èõ ñîñòàâ ìîëåêóëÿðíûå àäúþâàíòû [32].

Âàæíûì ýòàïîì â ðàçðàáîòêå ÂÏ×, íåñóùèõ àíòèãåíû
âèðóñà áåøåíñòâà, ÿâëÿåòñÿ ïîëó÷åíèå ñòàáèëüíûõ êëå-
òî÷íûõ ëèíèé äëÿ èõ ïðîèçâîäñòâà [33]. Òàêèå êëåòî÷íûå
ëèíèè ïîëó÷àþò ñ ïîìîùüþ ïëàçìèä èëè ðàçëè÷íûõ âè-
ðóñíûõ âåêòîðîâ. Òàê, Fontana è ñîàâò. [34] ñ ïîìîùüþ ëåí-
òèâèðóñíîãî âåêòîðà ïîëó÷èëè ñòàáèëüíóþ êëåòî÷íóþ ëè-
íèþ ÍÅÊ-293 (Human Embryonic Kidney 293), ýêñïðåññè-
ðóþùóþ ÂÏ×, íåñóùèå G-áåëîê âèðóñà áåøåíñòâà.
Èììóíîãåííîñòü äàííûõ ÂÏ× áûëà ïðîâåðåíà â ýêñïåðè-
ìåíòàõ íà ëàáîðàòîðíûõ ìûøàõ. Áûëà ïîäòâåðæäåíà ñïî-
ñîáíîñòü ÂÏ× èíäóöèðîâàòü îáðàçîâàíèå íåéòðàëèçóþ-
ùèõ áåøåíñòâî àíòèòåë [34].

Kang ñ ñîàâò. ñêîíñòðóèðîâàëè ÂÏ× EVLP-G, ñîäåðæà-
ùèå ãëèêîïðîòåèí G, ìàòðè÷íûé áåëîê M âèðóñà áåøåíñò-
âà øòàììà ERA è çàÿêîðåííûé íà ìåìáðàíå ôàêòîð
GM-CSF, ïðèçâàííûé âûïîëíÿòü ôóíêöèè àäúþâàíòà.
EVLP-G áûëè óñïåøíî ïîëó÷åíû â êëåòêàõ íàñåêîìûõ ñ
ïîìîùüþ ðåêîìáèíàíòíûõ áàêóëîâèðóñîâ. Èììóíîãåí-
íîñòü è ïðîòåêòèâíîñòü EVLP-G áûëà îöåíåíà â ýêñïåðè-
ìåíòå íà ìûøàõ, ïîêàçàíà èíäóêöèÿ âûñîêèõ òèòðîâ àíòè-
ðàáè÷åñêèõ àíòèòåë è çàùèòà èììóíèçèðîâàííûõ ìûøåé
îò çàðàæåíèÿ âèðóñîì áåøåíñòâà [35].

Qi è ñîàâò. ñêîíñòðóèðîâàëè äâà âèäà ÂÏ×, ñîäåðæà-
ùèõ G è Ì-áåëêè âèðóñà áåøåíñòâà øòàììà ERA è çàÿêî-
ðåííûå íà ìåìáðàíå ôëàãåëëèí (EVLP-F) èëè Â-ñóáúåäè-
íèöó òåðìîëàáèëüíîãî ýíòåðîòîêñèíà E. coli (EVLP-L) â êà-
÷åñòâå ìîëåêóëÿðíûõ àäúþâàíòîâ. ÂÏ× áûëè ïîëó÷åíû
ïóòåì òðàíñôåêöèè êëåòîê íàñåêîìûõ ðåêîìáèíàíòíûìè
ïëàçìèäàìè. Âíóòðèìûøå÷íîå ââåäåíèå êàê EVLP-F, òàê è
EVLP-L ìûøàì è ñîáàêàì ïðèâîäèëî ê áûñòðîìó ïîÿâëå-
íèþ âûñîêèõ òèòðîâ íåéòðàëèçóþùèõ áåøåíñòâî àíòèòåë
è âûçûâàëî èíäóêöèþ âûñîêèõ óðîâíåé CD4+ è CD8+
Ò-êëåòîê, ñåêðåòèðóþùèõ ÈÔÍ-� èëè ÈË-4. Ïðè èììóíè-
çàöèè EVLP-F íàáëþäàëàñü àêòèâàöèÿ T-õåëïåðîâ 1 òèïà,
òîãäà êàê ïðè èììóíèçàöèè EVLP-L áûëà ïîêàçàíà àêòèâà-
öèÿ T-xåëïåðîâ 2 òèïà. Ïðè ýòîì èììóíèçèðîâàííûå æè-
âîòíûå áûëè ïîëíîñòüþ çàùèùåíû îò çàðàæåíèÿ ëåòàëü-
íîé äîçîé âèðóñà áåøåíñòâà [36].

Òàêèì îáðàçîì, ÂÏ×, íåñóùèå àíòèãåíû âèðóñà áå-
øåíñòâà, ìîãóò ñòàòü ïåðñïåêòèâíûìè àíòèðàáè÷åñêèìè
âàêöèíàìè êàê äëÿ æèâîòíûõ, òàê è äëÿ ÷åëîâåêà. Îäíàêî
îíè òðåáóþò ââåäåíèÿ â èõ ñîñòàâ ðàçëè÷íûõ ìîëåêóëÿð-
íûõ àäúþâàíòîâ è ðàçðàáîòêè ïðîäóöèðóþùèõ ÂÏ× êëå-
òî÷íûõ ëèíèé, îïòèìàëüíûõ äëÿ ìàññîâîãî ïðîèçâîäñòâà
âàêöèí.

Ãåíåòè÷åñêèå àíòèðàáè÷åñêèå âàêöèíû

Ïðè ñîçäàíèè ãåíåòè÷åñêîé âàêöèíû ãåí èëè ó÷àñòîê ãå-
íîìà ïàòîãåíà âñòðàèâàåòñÿ â âåêòîð-íîñèòåëü, êîòîðûé
îáåñïå÷èâàåò ïîïàäàíèå ãåíåòè÷åñêîãî ìàòåðèàëà â êëåò-
êè õîçÿèíà. Â ðåçóëüòàòå ýêñïðåññèðóåìûå êëåòêàìè àíòè-
ãåíû ïàòîãåíà ðàñïîçíàþòñÿ èììóííîé ñèñòåìîé, ÷òî ïðè-
âîäèò ê èíäóêöèè êàê ãóìîðàëüíîãî, òàê è êëåòî÷íîãî èì-
ìóííîãî îòâåòà. Ïðè ïîëó÷åíèè ãåíåòè÷åñêèõ âàêöèí
îòïàäàåò íåîáõîäèìîñòü â âûäåëåíèè è î÷èñòêå àíòèãå-
íîâ, à çíà÷èò — â ðàáîòå íåïîñðåäñòâåííî ñ ïàòîãåíàìè.
Ãåíåòè÷åñêèå âàêöèíû ìîæíî ðàçäåëèòü íà äâå îñíîâíûå
ãðóïïû: ÄÍÊ-âàêöèíû è âåêòîðíûå âèðóñíûå âàêöèíû.
Êðîìå òîãî, ïåðñïåêòèâíûìè, õîòü è íå ñòîëü ïîïóëÿðíû-
ìè, äëÿ ñîçäàíèÿ âàêöèí ÿâëÿþòñÿ ÐÍÊ-âåêòîðû.

Àíòèðàáè÷åñêèå ÄÍÊ-âàêöèíû

ÄÍÊ-âàêöèíû — ýòî áàêòåðèàëüíûå ïëàçìèäû, â êîòîðûå
âêëþ÷åíû öåëåâîé ãåí è ðåãóëÿòîðíûå ýëåìåíòû, îáåñïå-
÷èâàþùèå åãî ýêñïðåññèþ ïîñëå ââåäåíèÿ òàêîé êîíñò-
ðóêöèè â îðãàíèçì. ÄÍÊ-âàêöèíû õîðîøî ïåðåíîñÿòñÿ,
íåäîðîãè è äîñòàòî÷íî ñòàáèëüíû [37]. Ê íàñòîÿùåìó ìî-
ìåíòó áûëî ðàçðàáîòàíî è îïðîáîâàíî íà ìûøàõ [38], ñî-
áàêàõ [39] è ïðèìàòàõ [40] íåñêîëüêî ñòðàòåãèé âàêöèíà-
öèè ïðîòèâ áåøåíñòâà ñ ïîìîùüþ ÄÍÊ-âàêöèí.

Óðîâåíü èììóííîãî îòâåòà, èíäóöèðîâàííîãî ââåäå-
íèåì ÄÍÊ-âàêöèíû, ÷àñòî áûâàåò íåäîñòàòî÷íûì äëÿ
ôîðìèðîâàíèÿ çàùèòíîãî èììóíèòåòà. Ðàçëè÷íûå èññëå-
äîâàòåëüñêèå ãðóïïû ïðèìåíÿëè òàêèå ñòðàòåãèè ïîâûøå-
íèÿ èíòåíñèâíîñòè àíòèðàáè÷åñêîãî èììóííîãî îòâåòà
ïðè ÄÍÊ-âàêöèíàöèè, êàê èñïîëüçîâàíèå àäúþâàíòîâ (êà-
òèîííûå ëèïèäû-DMRIE-DOPE [41], ìîíîôîñôîðèë ëèïèä
À [42]), à òàêæå ïðèìåíåíèå ìîëåêóëÿðíûõ àäúþâàíòîâ
[43], òàêèõ êàê õåìîêèíû è öèòîêèíû [6].

Åùå îäíèì íàïðàâëåíèåì ïîâûøåíèÿ èììóíîãåííî-
ñòè ÄÍÊ-âàêöèí ÿâëÿåòñÿ ðàçðàáîòêà íîâûõ ñõåì è ñïîñî-
áîâ èõ ââåäåíèÿ. Òàê âíóòðèêîæíîå ââåäåíèå ñ èñïîëüçî-
âàíèåì ãåííîé ïóøêè òðåáóåò ìåíüøåå êîëè÷åñòâî ÄÍÊ,
íåîáõîäèìîé äëÿ ýôôåêòèâíîé èììóíèçàöèè [44]. Ïðàé-
ìèðîâàíèå è áóñòèðîâàíèå ñ ïîìîùüþ ÄÍÊ-âàêöèí òàêæå
ïîêàçàëî ñâîþ ýôôåêòèâíîñòü ïðè èììóíèçàöèè êîøåê è
ñîáàê [45]. Èñïûòàíèÿ àíòèðàáè÷åñêîé ïîäêîæíîé
ÄÍÊ-âàêöèíû íà ñîáàêàõ ïîêàçàëè, ÷òî åå ââåäåíèå âî
âíóòðåííþþ ÷àñòü óõà îáåñïå÷èâàëî âûðàáîòêó âûñîêèõ
òèòðîâ âèðóñíåéòðàëèçóþùèõ àíòèòåë è äëèòåëüíóþ çà-
ùèòó îò çàðàæåíèÿ âèðóñîì áåøåíñòâà [46].

Ñòàðîäóáîâîé è ñîàâò. [47] áûë ïðåäëîæåí îïòèìèçè-
ðîâàííûé äèçàéí G-áåëêà âèðóñà áåøåíñòâà äëÿ èñïîëü-
çîâàíèÿ åãî â ñîñòàâå ÄÍÊ-âàêöèí. Áûë ñêîíñòðóèðîâàí
òåððèòîðèàëüíî-àäàïòèðîâàííûé àíòèãåí ñ êîíñåíñóñíîé
àìèíîêèñëîòíîé ïîñëåäîâàòåëüíîñòüþ ãëèêîïðîòåèíà âè-
ðóñîâ áåøåíñòâà, çàðåãèñòðèðîâàííûõ íà òåððèòîðèè Ðîñ-
ñèéñêîé Ôåäåðàöèè, è âàêöèííîãî øòàììà Âíóêîâî-32.
Â êóëüòóðå êëåòîê, òðàíñôèöèðîâàííîé ïëàçìèäîé pVAX1,
íåñóùåé öåëåâîé ãåí, áûëî çàðåãèñòðèðîâàíî äâóêðàòíîå
óñèëåíèå ýêñïðåññèè ýòîãî ãåíà ïî ñðàâíåíèþ ñ ýêñïðåñ-
ñèåé ãåíà âèðóñíîãî ãëèêîïðîòåèíà øòàììà Âíóêîâî-32 â
àíàëîãè÷íîì âåêòîðå; íàêîïëåíèå ìîäèôèöèðîâàííîãî
G-áåëêà â 20 ðàç ïðåâûøàëî êîëè÷åñòâî êîíòðîëüíîãî
áåëêà, ñèíòåçèðîâàííîãî ïðè èñïîëüçîâàíèè ïëàçìèäû ñ
ãåíîì âèðóñíîãî ãëèêîïðîòåèíà øòàììà Âíóêîâî-32 [47].

Ñ öåëüþ óñèëåíèÿ àíòèðàáè÷åñêîãî èììóííîãî îòâåòà
Kaur è ñîàâò. èññëåäîâàëè òðàôèê G-áåëêà âèðóñà áåøåí-
ñòâà â ðàçëè÷íûå êëåòî÷íûå êîìïàðòìåíòû. Áûëè ñîçäàíû
ïëàçìèäû, íåñóùèå ãåí G-áåëêà ñî ñëåäóþùèìè ñèãíàëü-
íûìè ïîñëåäîâàòåëüíîñòÿìè: òêàíåâîé àêòèâàòîð ïëàçìè-
íîãåíà, óáèêâèòèí è ëèçîñîìàëüíî-àññîöèèðîâàííûé
ìåìáðàííûé áåëîê-1. Ïåðâûå äâå ïîñëåäîâàòåëüíîñòè è
èõ êîìáèíàöèè ïîçâîëÿëè óñèëèòü àêòèâàöèþ CD4+ Ò-êëå-
òîê è âûðàáîòêó àíòèòåë ïî ñðàâíåíèþ ñ íàòèâíîé êîíñò-
ðóêöèåé. Ââåäåíèå ïîñëåäîâàòåëüíîñòè óáèêâèòèíà ïðè-
âîäèëî ê óñèëåíèþ CD8+ îòâåòà. Âñå ýòè êîíñòðóêöèè ïðè
èììóíèçàöèè ìûøåé âûçûâàëè ïîÿâëåíèå íåéòðàëèçóþ-
ùèõ àíòèòåë è èíäóêöèþ ïðîòåêòèâíîãî èììóííîãî îòâåòà
[48]. Òàêæå áûëî ïîêàçàíî, ÷òî ïÿòèêðàòíîå ââåäåíèå ìû-
øàì ïîñëå çàðàæåíèÿ áåøåíñòâîì êîíñòðóêöèè, âêëþ-
÷àþùåé ãåí G-áåëêà ñî ñðîäñòâîì ê ëèçîñîìàì, âìåñòå ñ
àäúþâàíòîì Emulsigen-D ïðèâîäèëî ê ïîëíîìó ïðåäîò-
âðàùåíèþ ðàçâèòèÿ çàáîëåâàíèÿ [49].

Íîâûå àíòèðàáè÷åñêèå ðåêîìáèíàíòíûå âàêöèíû
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Àíòèðàáè÷åñêèå âàêöèíû íà îñíîâå ÐÍÊ-âåêòîðîâ

ÐÍÊ-âàêöèíû ïðåäñòàâëÿþò ñîáîé ÐÍÊ-âåêòîðû, íåñóùèå
ìàòðè÷íóþ ÐÍÊ (ìÐÍÊ) öåëåâûõ àíòèãåíîâ. Îíè ïðîäå-
ìîíñòðèðîâàëè ñâîþ ýôôåêòèâíîñòü ïðè ñîçäàíèè êàê
ïðîòèâîîïóõîëåâûõ, òàê è âàêöèííûõ ïðåïàðàòîâ ïðîòèâ
ðàçëè÷íûõ èíôåêöèé. Êðîìå òîãî, ÐÍÊ-âàêöèíû äåøåâû â
ïîëó÷åíèè è ñòàáèëüíû ïðè õðàíåíèè [50]. Schnee ñ ñîàâò.
ñêîíñòðóèðîâàëè ÐÍÊ-âåêòîð, íåñóùèé ìàòðè÷íóþ ÐÍÊ
(ìÐÍÊ) ãëèêîïðîòåèíà ðåïëèêàòèâíî-äåôôåêòíîãî âèðóñà
áåøåíñòâà (RABV-G). Ïðè èììóíèçàöèè ìûøåé òàêîé âåê-
òîð ïðèâîäèë ê ôîðìèðîâàíèþ àíòèðàáè÷åñêèõ àíòèòåë, à
òàêæå èíäóêöèè êàê CD4+, òàê è CD8+ Ò-êëåòîê. Êðîìå
òîãî, èììóíèçèðîâàííûå æèâîòíûå áûëè çàùèùåíû îò
çàðàæåíèÿ âèðóñîì áåøåíñòâà. Àíàëîãè÷íûå äàííûå
áûëè ïîëó÷åíû ïðè èììóíèçàöèè ñâèíåé [51]. Àíòèðàáè-
÷åñêàÿ âàêöèíà íà îñíîâå ÐÍÊ-âåêòîðà RNActive® Rabies
Vaccine (CV7201) íà ñåãîäíÿøíèé äåíü ïðîõîäèò ïåðâóþ
ñòàäèþ êëèíè÷åñêèõ èññëåäîâàíèé íà âçðîñëûõ äîáðî-
âîëüöàõ [52].

Àíòèðàáè÷åñêèå âàêöèíû
íà îñíîâå âèðóñíûõ âåêòîðîâ

Âèðóñíûå âåêòîðû ïðåäñòàâëÿþò ñîáîé ðåêîìáèíàíòíûå
âèðóñû, â ãåíîì êîòîðûõ âñòðîåí öåëåâîé ãåí ñ íàáîðîì
ðåãóëÿòîðíûõ ýëåìåíòîâ. Îíè èìåþò åñòåñòâåííûé ìåõà-

íèçì ïðîíèêíîâåíèÿ â êëåòêó, ñïîñîáíû îáåñïå÷èâàòü
äëèòåëüíóþ ýêñïðåññèþ àíòèãåíà, à âèðóñíàÿ îáîëî÷êà
çàùèùàåò öåëåâîé ãåíåòè÷åñêèé ìàòåðèàë. Êðîìå òîãî,
îíè îáëàäàþò ñïîñîáíîñòüþ àêòèâèðîâàòü âðîæäåííûé
èììóíèòåò ïóòåì ñâÿçûâàíèÿ ãåíåòè÷åñêîãî ìàòåðèàëà
èëè áåëêîâ îáîëî÷êè ñ ïàòòåðí-ðàñïîçíàþùèìè ðåöåïòî-
ðàìè (TLR (toll like receptors), RIG-1 (retinoic acid-inducible
gene 1) è äð.). Ïðè ýòîì ïðîèñõîäèò àêòèâàöèÿ ðàçëè÷íûõ
òðàíñêðèïöèîííûõ ôàêòîðîâ, ôîðìèðîâàíèå î÷àãà âîñïà-
ëåíèÿ è áûñòðàÿ àêòèâàöèÿ çàùèòíûõ ðåàêöèé îðãàíèçìà
[53, 54].

Âàæíûì ñâîéñòâîì âèðóñíûõ âåêòîðîâ â êà÷åñòâå
áàçû äëÿ ñîçäàíèÿ àíòèðàáè÷åñêèõ âàêöèí ÿâëÿåòñÿ èõ
ñïîñîáíîñòü èíäóöèðîâàòü ìîùíûé èììóííûé îòâåò óæå
ïîñëå îäíîêðàòíîãî ââåäåíèÿ. Òàêèå âàêöèíû ìîãëè áû
áûòü îñîáåííî âîñòðåáîâàíû â ýíäåìè÷íûõ ïî áåøåíñòâó
ðàéîíàõ ðàçâèâàþùèõñÿ ñòðàí, ãäå ÷àñòî íå ñîáëþäàþòñÿ
ñðîêè è êðàòíîñòü âàêöèíàöèè èç-çà íåäîñòàòî÷íîãî èí-
ôîðìèðîâàíèÿ íàñåëåíèÿ, ñëàáî ðàçâèòîé èíôðàñòðóêòó-
ðû è ïëîõîé äîñòóïíîñòè âàêöèííûõ ïðåïàðàòîâ [6]. Íàè-
áîëåå ïåðñïåêòèâíûå êàíäèäàòíûå àíòèðàáè÷åñêèå âàê-
öèíû íà îñíîâå âèðóñíûõ âåêòîðîâ ïðåäñòàâëåíû â
òàáëèöå 1.

Ïåðâûé âèðóñíûé âåêòîð äëÿ èììóíèçàöèè ïðîòèâ
áåøåíñòâà áûë ñîçäàí â 1984 ãîäó è ïðåäñòàâëÿë ñîáîé
ðåêîìáèíàíòíûé âèðóñ îñïîâàêöèíû V-RG, íåñóùèé ãåí
G-áåëêà âèðóñà áåøåíñòâà øòàììà ERA [55]. Íà åãî îñíîâå
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Òàáëèöà 1. Íàèáîëåå ïåðñïåêòèâíûå àíòèðàáè÷åñêèå âàêöèíû íà îñíîâå âèðóñíûõ âåêòîðîâ

Âèðóñíûé âåêòîð Êàíäèäàòíàÿ âàêöèíà Ïîëó÷åííûå ðåçóëüòàòû Ëèòåðàòóðà

Ðåêîìáèíàíòíûé
ïîêñâèðóñ

Âèðóñ îñïîâàêöèíû V-RG, íåñóùèé
ãåí G-áåëêà âèðóñà áåøåíñòâà

Ñîçäàíà àíòèðàáè÷åñêàÿ âàêöèíà RABORAL V-RG,
êîòîðàÿ øèðîêî ïðèìåíÿåòñÿ äëÿ îðàëüíîé âàêöèíàöèè
äèêèõ æèâîòíûõ ñ ïîìîùüþ ïðèìàíîê â Êàíàäå è ÑØÀ

[55, 56]

Âèðóñ ÷óìû ïëîòîÿäíûõ Âèðóñ rCDVRV-G, íåñóùèé ãåí
ìîäèôèöèðîâàííîãî (R333Q)
G-áåëêà âèðóñà áåøåíñòâà

Èììóíèçàöèÿ ìûøåé ïðèâîäèëà ê èíäóêöèè
âèðóñ-íåéòðàëèçóþùèõ àíòèòåë, êàê ïðîòèâ âèðóñà
áåøåíñòâà, òàê è ïðîòèâ âèðóñà ÷óìû ïëîòîÿäíûõ

[59]

Ðåêîìáèíàíòíûé
âèðóñ ïàðàãðèïïà

Âèðóñ ïðàðãðèïïà 5, íåñóùèé ãåí
G-áåëêà âèðóñà áåøåíñòâà

Ïðè îäíîðàçîâîé èíúåêöèè èëè èíòðàíàçàëüíîì
ïðèìåíåíèè ïîëíîñòüþ çàùèùàë ìûøåé îò çàðàæåíèÿ
áåøåíñòâîì, à òàêæå áûë ñïîñîáåí çàùèùàòü æèâîòíûõ
ïðè ââåäåíèè ïîñëå èíôèöèðîâàíèÿ

[61]

Ðåêîìáèíàíòíûé
áàêóëîâèðóñ

Áàêóëîâèðóñ, ýêñïðåññèðóþùèé ãåí
G-áåëêà âèðóñà áåøåíñòâà, à òàêæå
íåñóùèé G-áåëîê íà ñâîåé
ïîâåðõíîñòè

Ïðè èììóíèçàöèè ìûøåé âûÿâëåíû
âèðóñ-íåéòðàëèçóþùèå àíòèòåëà; ïðîòåêöèÿ
ïðîòèâ çàðàæåíèÿ âèðóñîì áåøåíñòâà ñîñòàâèëà 100 %

[63]

Ðåêîìáèíàíòíûé
àäåíîâèðóñ

Ðåïëèêàòèâíî-êîìïåòåíòíûé
àäåíîâèðóñ ñîáàê, íåñóùèé ãåí
G-áåëêà âèðóñà áåøåíñòâà

Âàêöèíà ïîêàçàëà èììóíîãåííîñòü è ïðîòåêòèâíûå
ñâîéñòâà ïðè èììóíèçàöèè ñîáàê, êîøåê è õîðüêîâ

[66, 67, 68]

Àäåíîâèðóñ ïòèö CELO, íåñóùèé
ãåí G-áåëêà âèðóñà áåøåíñòâà

Èììóíèçàöèÿ ìûøåé ïðèâîäèëà ê èíäóêöèè âûñîêèõ
òèòðîâ íåéòðàëèçóþùèõ áåøåíñòâî àíòèòåë è
ïðîòåêòèâíîãî èììóííîãî îòâåòà

[69]

Àäåíîâèðóñ øèìïàíçå, íåñóùèé
ãåí ãëèêîïðîòåèíà G âèðóñà
áåøåíñòâà

Èììóíèçàöèÿ íå÷åëîâåêîîáðàçíûõ îáåçüÿí
(ÿâàíñêèå ìàêàêè è ìàêàêè-ðåçóñû) ïðèâîäèëà
ê ïîÿâëåíèþ âèðóñ-íåéòðàëèçóþùèõ àíòèòåë
è ïðîòåêöèè îò çàðàæåíèÿ âèðóñîì áåøåíñòâà

[70]

Ðåïëèêàòèâíî-êîìïåòåíòíûé
àäåíîâèðóñ ÷åëîâåêà ïÿòîãî
ñåðîòèïà AdG1.3, íåñóùèé ãåí
G-áåëêà âèðóñà áåøåíñòâà

Âàêöèíà ONRAB® íà îñíîâå AdG1.3 ñ 2012 ã. ðàçðåøåíà
êàê âåòåðèíàðíàÿ àíòèðàáè÷åñêàÿ âàêöèíà äëÿ
ïåðîðàëüíîé èììóíèçàöèè â Êàíàäå, ñåé÷àñ ïðîõîäèò
èñïûòàíèÿ â ÑØÀ

[72–82]

Ðåïëèêàòèâíî-äåôôåêòíûé
àäåíîâèðóñ ÷åëîâåêà ïÿòîãî
ñåðîòèïà nrAd5-BD06-G, íåñóùèé
ãåí ãëèêîïðîòåèíà G âèðóñà
áåøåíñòâà

Ìûøè, èììóíèçèðîâàííûå nrAd5-BD06-G,
ïðîäåìîíñòðèðîâàëè èíäóêöèþ âèðóñ-íåéòðàëèçóþùèõ
àíòèòåë è 90 % óðîâåíü çàùèòû ïðè çàðàæåíèè 120 ËÄ50

âèðóñà áåøåíñòâà

[84]



áûëà ñîçäàíà àíòèðàáè÷åñêàÿ âàêöèíà RABORAL V-RG,
êîòîðàÿ øèðîêî ïðèìåíÿåòñÿ äëÿ îðàëüíîé âàêöèíàöèè
äèêèõ æèâîòíûõ ñ ïîìîùüþ ïðèìàíîê â Êàíàäå è ÑØÀ
[56]. Òàêæå áûëè ïîëó÷åíû ðåêîìáèíàíòíûå ïîêñâèðóñ êà-
íàðååê è ïàðàïîêñâèðóñ, íåñóùèå ãåíû àíòèãåíîâ âèðóñà
áåøåíñòâà [57, 58]. Ïîêñâèðóñíûå âàêöèíû ñïîñîáíû èí-
äóöèðîâàòü çàùèòíûé èììóííûé îòâåò ïîñëå îäíîêðàòíî-
ãî ïåðîðàëüíîãî ââåäåíèÿ, îäíàêî èõ ïîòåíöèàëüíàÿ
ðåàêòîãåííîñòü íå ïîçâîëÿåò èñïîëüçîâàòü èõ äëÿ èììó-
íèçàöèè ÷åëîâåêà. Òàêèì îáðàçîì, ãëàâíàÿ îáëàñòü ïðè-
ìåíåíèÿ òàêèõ âàêöèí — èììóíèçàöèÿ äèêèõ æèâîòíûõ ñ
ïîìîùüþ ïðèìàíîê [7].

Â êà÷åñòâå âèðóñíîãî âåêòîðà äëÿ ñîçäàíèÿ êàíäè-
äàòíûõ àíòèðàáè÷åñêèõ âàêöèí òàêæå áûë èñïîëüçîâàí
îñëàáëåííûé âèðóñ ÷óìû ïëîòîÿäíûõ rCDVRV-G, ýêñïðåñ-
ñèðóþùèé ãåí ìîäèôèöèðîâàííîãî (R333Q) ãëèêîïðîòåè-
íà G âèðóñà áåøåíñòâà øòàììà Flury-LEP. Èììóíèçàöèÿ
ëàáîðàòîðíûõ ìûøåé rCDVRV-G ïðèâîäèëà ê èíäóêöèè
âèðóñíåéòðàëèçóþùèõ àíòèòåë êàê ïðîòèâ âèðóñà áåøåí-
ñòâà, òàê è ïðîòèâ âèðóñà ÷óìû ïëîòîÿäíûõ. Òàêàÿ âàêöèíà
óäîáíà äëÿ âàêöèíàöèè ñîáàê è äðóãèõ ïëîòîÿäíûõ æè-
âîòíûõ [59]. Òàêæå äëÿ ñîçäàíèÿ êàíäèäàòíûõ âåòåðèíàð-
íûõ àíòèðàáè÷åñêèõ âàêöèí â êà÷åñòâå âèðóñíîãî âåêòîðà
áûë èñïîëüçîâàí âèðóñ áîëåçíè Àóåñêè [60].

Áûë ðàçðàáîòàí ðåêîìáèíàíòíûé âèðóñ ïàðàãðèïïà 5
(PIV5), íåñóùèé ãåí G-áåëêà âèðóñà áåøåíñòâà øòàììà
LBSNE. Ïîêàçàíî, ÷òî ïðè îäíîðàçîâîé èíúåêöèè èëè èí-
òðàíàçàëüíîì ïðèìåíåíèè ýòîò ïðåïàðàò ïîëíîñòüþ çà-
ùèùàåò ìûøåé îò ëåòàëüíîé äîçû âèðóñà áåøåíñòâà, à
òàêæå ñïîñîáåí çàùèùàòü æèâîòíûõ äàæå ïðè ââåäåíèè
ïîñëå èíôåêöèè [61]. Èììóíèçàöèÿ æèâîòíûõ ðåêîìáè-
íàíòíûì âèðóñîì ëåñà Ñåìëèêè, íåñóùèì ãåí G-áåëêà âè-
ðóñà áåøåíñòâà, ïðèâîäèëà ê èíäóêöèè êàê ãóìîðàëüíîãî,
òàê è êëåòî÷íîãî àíòèðàáè÷åñêîãî èììóííîãî îòâåòà [62].

Åùå îäíèì ïðèìåðîì êàíäèäàòíûõ àíòèðàáè÷åñêèõ
âàêöèí íà îñíîâå âèðóñíûõ âåêòîðîâ ÿâëÿåòñÿ ðåêîìáè-
íàíòíûé áàêóëîâèðóñ, ýêñïðåññèðóþùèé ãåí ãëèêîïðî-
òåèíà G âèðóñà áåøåíñòâà øòàììà ERA ïîä êîíòðîëåì
ïðîìîòîðà öèòîìåãàëîâèðóñà, à òàêæå íåñóùèé ãëèêîïðî-
òåèí G íà ñâîåé ïîâåðõíîñòè. Ó ìûøåé, èììóíèçèðîâàí-
íûõ òàêèì ðåêîìáèíàíòíûì âèðóñîì, âûÿâëÿëèñü âèðóñ-
íåéòðàëèçóþùèå àíòèòåëà è çàùèòà îò çàðàæåíèÿ âèðó-
ñîì áåøåíñòâà ñîñòàâèëà 100 % [63].

Îäíèìè èç ñàìûõ ðàñïðîñòðàíåííûõ âèðóñíûõ âåêòî-
ðîâ äëÿ ñîçäàíèÿ êàíäèäàòíûõ âàêöèí ÿâëÿþòñÿ ðåêîìáè-
íàíòíûå àäåíîâèðóñû (Àä). Àä îáåñïå÷èâàþò âûñîêèé óðî-
âåíü ýêñïðåññèè öåëåâîãî òðàíñãåíà è ñïîñîáíû íàêàïëè-
âàòüñÿ â êóëüòóðå êëåòîê â âûñîêèõ òèòðàõ. Ïðè ýòîì ÄÍÊ
Àä îñòàåòñÿ â ýêñòðàõðîìîñîìíîé ôîðìå [64]. Ïðè ââåäå-
íèè â îðãàíèçì Àä ñïîñîáíû àêòèâèðîâàòü ðåöåïòîðû
TLR-9 è RIG-1, òàêæå àêòèâàöèÿ âðîæäåííîãî èììóíèòåòà
ïðîèñõîäèò è â ðåçóëüòàòå ïðîíèêíîâåíèÿ Àä â àíòè-
ãåí-ïðåçåíòèðóþùèå êëåòêè [65].

Äëÿ ñîçäàíèÿ êàíäèäàòíûõ àíòèðàáè÷åñêèõ âàêöèí
èñïîëüçîâàëèñü ðàçëè÷íûå ðåêîìáèíàíòíûå Àä. Òàê, âàê-
öèíà íà îñíîâå ðåïëèêàòèâíî-êîìïåòåíòíîãî Àä ñîáàê,
íåñóùåãî ãåí ãëèêîïðîòåèíà G âèðóñà áåøåíñòâà øòàììà
SRV9, ïîêàçàëà ñâîþ ýôôåêòèâíîñòü ïðè èììóíèçàöèè ñî-
áàê, êîøåê è õîðüêîâ [66–68]. Ïîäîáíàÿ âàêöèíà ïðèçâàíà
çàùèòèòü ñîáàê êàê îò áåøåíñòâà, òàê è îò àäåíîâèðóñíîé
èíôåêöèè. Áûëî ïîêàçàíî, ÷òî èììóíèçàöèÿ ìûøåé ðå-
êîìáèíàíòíûì àäåíîâèðóñîì ïòèö CELO (Chicken Embtyo
Lethal Orphan), íåñóùèì ãåí ãëèêîïðîòåèíà G âèðóñà áå-
øåíñòâà øòàììà TS-80, ïðèâîäèëà ê èíäóêöèè ó æèâîòíûõ
ïðîòåêòèâíîãî àíòèðàáè÷åñêîãî èììóííîãî îòâåòà [69].

Ñîçäàíà êàíäèäàòíàÿ âàêöèíà íà îñíîâå àäåíîâèðóñà
øèìïàíçå, íåñóùåãî ãåí ãëèêîïðîòåèíà G âèðóñà áåøåí-
ñòâà øòàììà LEP. Èììóíèçàöèÿ òàêîé âàêöèíîé ïðèâîäè-
ëà ê ïîÿâëåíèþ âèðóñíåéòðàëèçóþùèõ àíòèòåë è ïðîòåê-
öèè îò çàðàæåíèÿ âèðóñîì áåøåíñòâà íå÷åëîâåêîîáðàç-
íûõ îáåçüÿí (ÿâàíñêèå ìàêàêè è ìàêàêè-ðåçóñû) [70].

Íàèáîëåå ïîïóëÿðíûì âåêòîðîì äëÿ ñîçäàíèÿ êàíäè-
äàòíûõ âàêöèí ÿâëÿåòñÿ ðåêîìáèíàíòíûé àäåíîâèðóñ ÷å-
ëîâåêà ïÿòîãî ñåðîòèïà (Àä5) [71]. Àä5, íåñóùèé ãåíû àí-
òèãåíîâ âèðóñà áåøåíñòâà, õîðîøî çàðåêîìåíäîâàë ñåáÿ,
êàê ïëàòôîðìà äëÿ ñîçäàíèÿ àíòèðàáè÷åñêèõ êàíäèäàò-
íûõ âàêöèí. Òàê áûë ïîëó÷åí ðåïëèêàòèâíî-êîìïåòåíò-
íûé Àä5 AdRG1, íåñóùèé ãåí ãëèêîïðîòåèíà G âèðóñà áå-
øåíñòâà øòàììà ERA ïîä êîíòðîëåì ðàííåãî ïðîìîòîðà
SV40. AdRG1 ïîêàçàë ñâîþ ýôôåêòèâíîñòü ïðè èììóíèçà-
öèè ìûøåé, ñîáàê è ñêóíñîâ [72]. Â äàëüíåéøåì ñ öåëüþ
óâåëè÷åíèþ óðîâíÿ ýêñïðåññèè ãëèêîïðîòåèíà G áûë ïî-
ëó÷åí âèðóñ AdRG1.3, ãäå ýêñïðåññèÿ öåëåâîãî ãåíà øëà
ïîä êîíòðîëåì ýíäîãåííîãî Àä5 ïðîìîòîðà. Áûëî íàëà-
æåíî ïðîèçâîäñòâî àíòèðàáè÷åñêîé âàêöèíû íà îñíîâå
AdRG1.3 â êëåòêàõ ëèíèè ÍÅÊ 293, è â ñåðèè ïîëåâûõ èñ-
ïûòàíèé, ïðîâåäåííûõ â 2006–2009 ãã. â Êàíàäå, áûëà ïî-
êàçàíà åå âûñîêàÿ ýôôåêòèâíîñòü ïðè îðàëüíîé âàêöèíà-
öèè ñ ïîìîùüþ ïðèìàíêè äëÿ ðàçëè÷íûõ òèïîâ äèêèõ æè-
âîòíûõ [73, 74]. Â 2009 ã. â ðàìêàõ ýêñïåðèìåíòîâ ïî
îöåíêå áåçîïàñíîñòè àäåíîâèðóñà AdRG1.3 áûëî ïîêàçà-
íî, ÷òî íåãàòèâíîå âîçäåéñòâèå AdRG1.3 íà ðàçëè÷íûå
òèïû æèâîòíûõ ìàëîâåðîÿòíî [75], ïðîäåìîíñòðèðîâàíà
åãî ãåíåòè÷åñêàÿ ñòàáèëüíîñòü [76]. Ïðèìàíêà ñ âåòåðè-
íàðíîé âàêöèíîé íà îñíîâå AdRG1.3 ONRAB® â 2006 è
2007 ãã. áûëà ðàçáðîñàíà íàä ëåñàìè êàíàäñêîé ïðîâèí-
öèè Îíòàðèî, è âîçäóøíîå ðàñïðåäåëåíèå âàêöèíû áûëî
ïðèçíàíî óñïåøíûì ñïîñîáîì êîíòðîëÿ áåøåíñòâà ñðåäè
äèêèõ æèâîòíûõ [77, 78]. Èçó÷åíèå îáðàçöîâ, âçÿòûõ îò
ðàçëè÷íûõ öåëåâûõ è íåöåëåâûõ äèêèõ æèâîòíûõ, ïîêà-
çàëî, ÷òî ðåïëèêàöèÿ ONRAB® ó æèâîòíûõ ñêîðîòå÷íà è
âåðîÿòíîñòü åãî ãîðèçîíòàëüíîé ïåðåäà÷è êðàéíå íèçêà
[79]. C 2012 ã. â Êàíàäå ONRAB® ðàçðåøåíà êàê âåòåðèíàð-
íàÿ àíòèðàáè÷åñêàÿ âàêöèíà äëÿ ïåðîðàëüíîé èììóíè-
çàöèè. Íà ñåãîäíÿøíèé ìîìåíò ýòà âàêöèíà ïðîõîäèò
èñïûòàíèÿ â ÑØÀ [80, 81]. Îäíàêî AdRG1.3 ÿâëÿåòñÿ ðåï-
ëèêàòèâíî-êîìïåòåíòíûì âèðóñîì è èçó÷åíèå åãî áèî-
áåçîïàñíîñòè ïðè ìàññîâîì âûõîäå â îêðóæàþùóþ ñðåäó
ïîêà íåëüçÿ ñ÷èòàòü îêîí÷åííûì [75, 76, 82].

Ïîëó÷åíèå êàíäèäàòíûõ âàêöèí äëÿ ÷åëîâåêà òðåáóåò
èñïîëüçîâàíèÿ ðåïëèêàòèâíî-äåôåêòíûõ Àä5, íåñóùèõ
äåëåöèè ðàçëè÷íûõ îáëàñòåé âèðóñíîãî ãåíîìà (Å1, Å2,
Å3, Å4), íåîáõîäèìûõ äëÿ ðåïëèêàöèè âèðóñà [83]. Wang è
ñîàâò. áûëà ñîçäàíà êàíäèäàòíàÿ âàêöèíà íà îñíîâå ðåï-
ëèêàòèâíî-äåôôåêòíîãî Aä5, ýêñïðåññèðóþùåãî ãåí ãëè-
êîïðîòåèíà G âèðóñà áåøåíñòâà øòàììà BD06 [84]. Ìûøè,
èììóíèçèðîâàííûå nrAd5-BD06-G, ïðîäåìîíñòðèðîâàëè
èíäóêöèþ âèðóñíåéòðàëèçóþùèõ àíòèòåë è 90 % óðîâåíü
çàùèòû ïðè çàðàæåíèè 120 ËÄ50 âèðóñà áåøåíñòâà. Òàêèì
îáðàçîì, ðåêîìáèíàíòíûé ðåïëèêàòèâíî-äåôôåêòíûé
Aä5 ìîæåò áûòü óñïåøíîé ïëàòôîðìîé äëÿ ñîçäàíèÿ àí-
òèðàáè÷åñêèõ âàêöèí äëÿ ÷åëîâåêà.

Çàêëþ÷åíèå

Ðàññìîòðåííûå â äàííîì îáçîðå ðåêîìáèíàíòíûå êàíäè-
äàòíûå âàêöèíû ìîãóò áûòü èñïîëüçîâàíû êàê äëÿ ñîçäà-
íèÿ âåòåðèíàðíûõ âàêöèí, òàê è äëÿ ìàññîâîé èììóíèçà-
öèè íàñåëåíèÿ. Òàê, æèâûå àòòåíóèðîâàííûå âàêöèíû, à
òàêæå ãåíåòè÷åñêèå âàêöèíû (ÄÍÊ-âàêöèíû è âàêöèíû íà

Íîâûå àíòèðàáè÷åñêèå ðåêîìáèíàíòíûå âàêöèíû
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îñíîâå âèðóñíûõ âåêòîðîâ) ïåðñïåêòèâíû äëÿ âàêöèíàöèè
ñâîáîäíîæèâóùèõ æèâîòíûõ ñ ïîìîùüþ ïðèìàíîê. Ýô-
ôåêòèâíîñòü òàêîãî ïîäõîäà ïðîäåìîíñòðèðîâàíà óñïåø-
íûì ïðèìåíåíèåì âàêöèí íà îñíîâå âèðóñîâ îñïîâàêöèíû
è àäåíîâèðóñà ÷åëîâåêà ïÿòîãî ñåðîòèïà RABORAL V-RG è
ONRAB® äëÿ èììóíèçàöèè äèêèõ æèâîòíûõ â Êàíàäå è
ÑØÀ. Êàíäèäàòíûå âàêöèíû íà îñíîâå âèðóñíûõ âåêòî-
ðîâ, íàïðèìåð, âèðóñà ïàðàãðèïïà è àäåíîâèðóñîâ, ìîãóò
âûçûâàòü ïðîòåêòèâíûé àíòèðàáè÷åñêèé èììóíèòåò óæå
ïîñëå îäíîêðàòíîãî ââåäåíèÿ, ÷òî ÿâëÿåòñÿ íåñîìíåííûì
ïëþñîì ïðè ðàçðàáîòêå âàêöèí äëÿ ìàññîâîé èììóíèçà-
öèè íàñåëåíèÿ. Íàðàùèâàíèå âèðóñíûõ àíòèãåíîâ ñ ïîìî-
ùüþ êóëüòóð ðàñòèòåëüíûõ êëåòîê ïîçâîëèò ñóùåñòâåííî
óäåøåâèòü ïðîöåññ ïîëó÷åíèÿ èíàêòèâèðîâàííûõ àíòèðà-
áè÷åñêèõ âàêöèí êàê äëÿ æèâîòíûõ, òàê è äëÿ ÷åëîâåêà.
Êðîìå òîãî, äàííûå î ïðîòåêöèè æèâîòíûõ, êîòîðûì ââî-
äèëè êàíäèäàòíûå ãåíåòè÷åñêèå âàêöèíû (ÄÍÊ-âàêöèíû,
à òàêæå âàêöèíà íà îñíîâå âèðóñà ïàðàãðèïïà 5) óæå ïîñëå
çàðàæåíèÿ âèðóñîì áåøåíñòâà, äàþò íàäåæäó íà ðàçðà-
áîòêó íîâûõ òèïîâ ïðåïàðàòîâ äëÿ ýêñòðåííîé ïîìîùè
ëèöàì, èìåâøèì êîíòàêò ñ èíôèöèðîâàííûìè æèâîòíûìè.

Ëèòåðàòóðà
1. Davis BM, Rall GF, Schnell MJ. Everything you always wanted to

know about rabies virus (but were afraid to ask). Annu Rev Virol.
2015; 2(1): 451–71.

2. World Health Organization. WHO Expert Consultation on Rabies.
Second Report. World Health Organ Tech Rep Ser. 2013; (982):
1–139.

3. Willoughby RE Jr. Rabies: rare human infection — common qu-
estions. Infect Dis Clin North Am. 2015; 29(4): 637–50.

4. Ýïèäåìèîëîãè÷åñêèé íàäçîð. Î ñèòóàöèè ïî áåøåíñòâó â
Ðîññèéñêîé Ôåäåðàöèè [Èíòåðíåò] 2015 [cited 2016 Sept 12]
Available from: http://rospotrebnadzor.ru/deyatelnost/epidemio-
logical-surveillance /?ELEMENT ID=5610&sphrase id=731393.

5. Ñòàðîäóáîâà ÅÑ, Ïðåîáðàæåíñêàÿ ÎÂ, Êóçüìåíêî ÞÂ, Ëàòà-
íîâà ÀÀ, ßðûãèíà ÅÈ, Êàðïîâ ÂË. Âàêöèíû ïðîòèâ áåøåí-
ñòâà: ñîâðåìåííîå ñîñòîÿíèå è ïåðñïåêòèâû ðàçâèòèÿ.
Ìîëåêóëÿðíàÿ áèîëîãèÿ 2015; 49(4): 577–84.

6. Kaur M, Garg R, Singh S, Bhatnagar R. Rabies vaccines: where do
we stand, where are we heading? Expert Rev Vaccines. 2015;
14(3): 369–81.

7. Rupprecht CE, Nagarajan T, Ertl H. Current status and develop-
ment of vaccines and other biologics for human rabies preventi-
on. Expert Rev Vaccines. 2016; 15(6):731–49.

8. Hicks DJ, Fooks AR, Johnson N. Developments in rabies vaccines.
Clin Exp Immunol. 2012; 169(3):199–204.

9. Conzelmann KK, Schnell M. Rescue of synthetic genome RNA
analogs of rabies virus by plasmid encoded proteins. J Virol.
1994; 68(2):713–9.

10. Blanton JD, Self J, Niezgoda M, Faber ML, Dietzschold B, Rupprecht
C. Oral vaccination of raccoons (Procyon lotor) with genetically mo-
dified rabies virus vaccines. Vaccine 2007; 25(42): 7296–300.

11. Tao L, Ge J, Wang X, Wen Z, Zhai H, Hua T, et al. Generation of a re-
combinant rabies Flury LEP virus carrying an additional G gene cre-
ates an improved seed virus for inactivated vaccine production. Vi-
rol J. 2011; 8: 454.

12. Liu X, Yang Y, Sun Z, Chen J, Ai J, Dun C, et al. A recombinant rabies
virus encoding two copies of the glycoprotein gene confers protecti-
on in dogs against a virulent challenge. PLoS One 2014; 9(2):
e87105.

13. Ñàôîíîâ ÃÀ, Áàíüêîâñêèé ÄÎ. Îöåíêà àíòèãåííûõ è èììóíîëî-
ãè÷åñêèõ ñâîéñòâ øòàììà ERA G333 âèðóñà áåøåíñòâà. Âå-
ñòíèê ðîññèéñêîé ñåëüñêîõîçÿéñòâåííîé íàóêè 2010; (5):
61–3.

14. Yang DK, Nakagawa K, Ito N, Kim HH, Hyun BH, Nah JJ, et al. A sin-
gle immunization with recombinant rabies virus (ERAG3G) confers
complete protection against rabies in mice. Clin Exp Vaccine Res.
2014; 3(2): 176–84.

15. Shuai L, Feng N, Wang X, Ge J, Wen Z, Chen W, et al. Genetically
modified rabies virus ERA strain is safe and induces long-lasting

protective immune response in dogs after oral vaccination. Antiviral
Res. 2015; 121: 9–15.

16. Cenna J, Hunter M, Tan GS, Papaneri AB, Ribka EP, Schnell MJ, et al.
Replication-deficient rabies virus-based vaccines are safe and im-
munogenic in mice and nonhuman primates. J Infect Dis. 2009;
200(8): 1251–60.

17. Zhao L, Toriumi H, Wang H, Kuang Y, Guo X, Morimoto K, et al. Exp-
ression of MIP-1alpha (CCL3) by a recombinant rabies virus enhan-
ces its immunogenicity by inducing innate immunity and recruiting
dendritic cells and B cells. J Virol. 2010; 84(18): 9642–8.

18. Wen Y, Wang H, Wu H, Yang F, Tripp RA, Hogan RJ, et al. Rabies vi-
rus expressing dendritic cell-activating molecules enhances the in-
nate and adaptive immune response to vaccination. J Virol. 2011;
85(4): 1634–44.

19. Barkhouse DA, Garcia SA, Bongiorno EK, Lebrun A, Faber M, Hoo-
per DC. Expression of interferon gamma by a recombinant rabies
virus strongly attenuates the pathogenicity of the virus via induction
of type I interferon. J Virol. 2015; 89(1): 312–22.

20. Norton JE, Lytle AG, Shen S, Tzvetkov EP, Dorfmeier CL, McGettigan
JP. ICAM-1-based rabies virus vaccine shows increased infection
and activation of primary murine B cells in vitro and enhanced anti-
body titers in-vivo. PLoS One 2014; 9(1): e87098.

21. Rosales-Mendoza S. Current developments and future prospects
for plant-made biopharmaceuticals against rabies. Mol Biotechnol.
2015; 57(10): 869–79.

22. McGarvey PB, Hammond J, Dienelt MM, Hooper DC, Fu ZF, Dietzsc-
hold B, et al. Expression of the rabies virus glycoprotein in transge-
nic tomatoes. Biotechnology 1995; 13(13): 1484–7.

23. Ashraf S, Singh PK, Yadav DK, Shahnawaz M, Mishra S, Sawant SV,
et al. High level expression of surface glycoprotein of rabies virus in
tobacco leaves and its immunoprotective activity in mice. J Biotech-
nol. 2005; 119(1): 1–14.

24. Loza-Rubio E, Rojas-Anaya E, López J, Olivera-Flores MT, Gó-
mez-Lim M, Tapia-Pérez G. Induction of a protective immune res-
ponse to rabies virus in sheep after oral immunization with trans-
genic maize, expressing the rabies virus glycoprotein. Vaccine
2012; 30(37): 5551–6.

25. Rojas-Anaya E, Loza-Rubio E, Olivera-Flores MT, Gómez-Lim M.
Expression of rabies virus G protein in carrots (Daucus carota).
Transgenic Res. 2009; 18(6): 911–9.

26. Roy S, Tyagi A, Tiwari S, Singh A, Sawant SV, Singh PK, et al. Rabies
glycoprotein fused with B subunit of cholera toxin expressed in to-
bacco plants folds into biologically active pentameric protein. Prote-
in Expr Purif. 2010; 70(2): 184–90.

27. Skarjinskaia M, Ruby K, Araujo A, Taylor K, Gopalasamy-Raju V,
Musiychuk K, et al. Hairy roots as a vaccine production and delivery
system. Adv Biochem Eng Biotechnol. 2013; 134: 115–34.

28. Singh A, Srivastava S, Chouksey A, Panwar BS, Verma PC, Roy S, et
al. Expression of rabies glycoprotein and ricin toxin B chain
(RGP-RTB) fusion protein in tomato hairy roots: A step towards oral
vaccination for rabies. Mol Biotechnol. 2015; 57(4): 359–70.

29. Perea Arango I, Loza Rubio E, Rojas Anaya E, Olivera Flores T, Gon-
zalez de la Vara L, Gómez Lim MA. Expression of the rabies virus
nucleoprotein in plants at high levels and evaluation of immune
responses in mice. Plant Cell Reports 2008; 27(4): 677–85.

30. Modelska A, Dietzschold B, Sleysh N, Fu ZF, Steplewski K, Hooper
DC, et al. Immunization against rabies with plant-derived antigen.
Proc Natl Acad Sci USA. 1998; 95(5): 2481–5.

31. Yusibov V, Hooper DC, Spitsin SV, Fleysh N, Kean RB, Mikheeva T, et
al. Expression in plants and immunogenicity of plant virus-based
experimental rabies vaccine. Vaccine 2002; 20(25–26): 3155–64.

32. Lua LHL, Connors NK, Sainsbury F, Chuan YP, Wibowo N, Middel-
berg APJ. Bioengineering virus-like particles as vaccines. Biotech-
nol Bioeng. 2014; 111(3): 425–40.

33. Hua RH, Li YN, Chen ZS, Liu LK, Huo H, Wang XL, et al. Generation
and characterization of a new mammalian cell line continuously ex-
pressing virus-like particles of Japanese encephalitis virus for a su-
bunit vaccine candidate. BMC Biotechnol. 2014; 14: 62.

34. Fontana D, Kratje R, Etcheverrigaray M, Prieto C. Immunogenic vi-
rus-like particles continuously expressed in mammalian cells as a
veterinary rabies vaccine candidate. Vaccine 2015; 33(35): 4238–46.

35. Kang H, Qi Y, Wang H, Zheng X, Gao Y, Li N, et al. Virus-like particles
containing membrane-anchored GM-CSF enhances the immune
response against rabies virus. Viruses 2015; 7(3): 1134–52.

224 ÁÈÎïðåïàðàòû. Ïðîôèëàêòèêà, äèàãíîñòèêà, ëå÷åíèå. 2016. Ò. 16. ¹ 4

Å. Ñ. Ñåäîâà, Ì. Ì. Øìàðîâ



36. Qi Y, Kang H, Zheng X, Wang H, Gao Y, Yang S, et al. Incorporation of
membrane-anchored flagellin or Escherichia coli heat-labile ente-
rotoxin B subunit enhances the immunogenicity of rabies virus-like
particles in mice and dogs. Front Microbiol. 2015; 6: 169.

37. Abdulhaqq SA, Weiner DB. DNA vaccines: developing new strategi-
es to enhance immune responses. Immunol Res. 2008; 42(1–3):
219–32.

38. Xiang ZQ, Spitalnik S, Tran M, Wunner WH, Cheng J, Ertl HC. Vacci-
nation with a plasmid vector carrying the rabies virus glycoprotein
gene induces protective immunity against rabies virus. Virology
1994; 199(1): 132–40.

39. Perrin P, Jacob Y, Aguilar-Sétien A, Loza-Rubio E, Jallet C, Desmé-
zières E, et al. Immunization of dogs with a DNA vaccine induces
protection against rabies virus. Vaccine 1999; 18(5–6): 479–86.

40. Lodmell DL, Ray NB, Parnell MJ, Ewalt LC, Hanlon CA, Shaddock
JH, et al. DNA immunization protects nonhuman primates against
rabies virus. Nat Med. 1998; 4(8): 949–52.

41. Margalith M, Vilalta A. Sustained protective rabies neutralizing anti-
body titers after administration of cationic lipid-formulated pDNA
vaccine. Genet Vaccines Ther. 2006; 4: 2.

42. Lodmell DL, Ray NB, Ulrich JT, Ewalt LC. DNA vaccination of mice
against rabies virus: effects of the route of vaccination and the adju-
vant monophosphoryl lipid A (MPL). Vaccine 2000; 18(11–12):
1059–66.

43. Pinto AR, Reyes-Sandoval A, Ertl HCJ. Chemokines and TRANCE as
genetic adjuvants for a DNA vaccine to rabies virus. Cell Immunol.
2003; 224(2): 106.

44. Lodmell DL, Parnell MJ, Bailey JR, Ewalt LC, Hanlon CA. Rabies
DNA vaccination of non-human primates: post-exposure studies
using gene gun methodology that accelerates induction of neutrali-
zing antibody and enhances neutralizing antibody titers. Vaccine
2002; 20(17–18): 2221–8.

45. Borhani K, Ajorloo M, Bamdad T, Mozhgani SH, Ghaderi M, Gholami
AR. A comparative approach between heterologous prime-boost
vaccination strategy and DNA vaccinations for rabies. Arch Iran
Med. 2015; 18(4): 223–7.

46. Bahloul C, Taieb D, Diouani MF, Ahmed SB, Chtourou Y, B’Chir BI, et
al. Field trials of a very potent rabies DNA vaccine which induced
long lasting virus neutralizing antibodies and protection in dogs in
experimental conditions. Vaccine 2006; 24(8): 1063–72.

47. Ñòàðîäóáîâà ÅÑ, Êóçüìåíêî ÞÂ, Ëàòàíîâà ÀÀ, Ïðåîáðàæåí-
ñêàÿ ÎÂ, Êàðïîâ ÂË. Ñîçäàíèå ÄÍÊ-âàêöèííîãî âåêòîðà íà
îñíîâå êîäîí-îïòèìèçèðîâàííîãî ãåíà ãëèêîïðîòåèíà (áåë-
êà G) âèðóñà áåøåíñòâà ñ êîíñåíñóñíîé àìèíîêèñëîòíîé ïî-
ñëåäîâàòåëüíîñòüþ. Ìîëåêóëÿðíàÿ áèîëîãèÿ 2016; 50(2):
376–80.

48. Kaur M, Rai A, Bhatnagar R. Rabies DNA vaccine: no impact of MHC
class I and class II targeting sequences on immune response and
protection against lethal challenge. Vaccine 2009; 27(15): 2128–37.

49. Kaur M, Saxena A, Rai A, Bhatnagar R. Rabies DNA vaccine enco-
ding lysosome-targeted glycoprotein supplemented with Emulsi-
gen-D confers complete protection in preexposure and postexpo-
sure studies in BALB/c mice. FASEB J. 2010; 24(1): 173–83.

50. Kramps T, Probst J. Messenger RNA-based vaccines: progress,
challenges, applications. Wiley interdisciplinary reviews: RNA
2013; 4(6): 737–49.

51. Schnee M, Vogel AB, Voss D, Petsch B, Baumhof P, Kramps T, et al.
An mRNA vaccine encoding rabies virus glycoprotein induces pro-
tection against lethal infection in mice and correlates of protection
in adult and newborn pigs. PLoS Negl Trop Dis. 2016; 10(6):
e0004746.

52. Clinicaltrials.gov RNActive®Rabies vaccine (CV7201) in Healthy
Adults [Internet] 2016 [cited 2016 August 12] Available from:
https://clinicaltrials.gov/ct2/show/NCT02241135?term=rabi-
es+vaccine&rank=39.

53. Draper SJ, Heeney JL. Viruses as vaccine vectors for infectious di-
seases and cancer. Nat Rev Microbiol. 2010; 8(1): 62–73.

54. Ñåäîâà ÅÑ, Ùåðáèíèí ÄÍ, Ìèãóíîâ ÀÈ, Ñìèðíîâ ÞÀ, Ëîãóíîâ
ÄÞ, Øìàðîâ ÌÌ è äð. Ãðèïïîçíûå ðåêîìáèíàíòíûå âàêöèíû.
Acta naturae 2012; 4(15): 17–27.

55. Wiktor TJ, Macfarlan RI, Reagan KJ, Dietzschold B, Curtis PJ, Wun-
ner WH, et al. Protection from rabies by a vaccinia virus recombi-
nant containing the rabies virus glycoprotein gene. Proc Natl Acad
Sci USA. 1984; 81(22): 7194–8.

56. Follmann E, Ritter D, Swor R, Dunbar M, Hueffer K. Preliminary
evaluation of Raboral V-RG® oral rabies vaccine in Arctic foxes (Vul-
pes lagopus). J Wildl Dis. 2011; 47(4): 1032–5.

57. Amann R, Rohde J, Wulle U, Conlee D, Raue R, Martinon O, et al. A
new rabies vaccine based on a recombinant ORF virus (parapoxvi-
rus) expressing the rabies virus glycoprotein. J Virol. 2013; 87(3):
1618–30.

58. Marrow JC, Padilla LR, Hayek LA, Bush M, Murray S. Comparison of
antibody response to a nonadjuvanted, live canarypox-vectored re-
combinant rabies vaccine and a killed, adjuvanted rabies vaccine in
eld’s deer (Rucervus eldi thamin). J Zoo Wildl Med. 2014; 45(2):
315–20.

59. Li Z, Wang J, Yuan D, Wang S, Sun J, Yi B, et al. A recombinant cani-
ne distemper virus expressing a modified rabies virus glycoprotein
induces immune responses in mice. Virus Genes 2015; 50(3):
434–41.

60. Yuan Z, Zhang S, Liu Y, Zhang F, Fooks AR, Li Q, et al. A recombinant
pseudorabies virus expressing rabies virus glycoprotein: Safety and
immunogenicity in dogs. Vaccine 2008; 26(10): 1314–21.

61. Huang Y, Chen Z, Huang J, Fu Z, He B. Parainfluenza virus 5 expres-
sing the G protein of rabies virus protects mice after rabies virus in-
fection. J Virol. 2015; 89(6): 3427–9.

62. Astray RM, Ventini DC, Boldorini VL, Silva FG, Rocca MP, Pereira CA.
Rabies virus glycoprotein and immune response pattern usingre-
combinant protein or recombinant RNA viral vectors. Vaccine 2014;
32(24): 2829–32.

63. Wu Q, Yu F, Xu J, Li Y, Chen H, Xiao S, et al. Rabies-virus-glycoprote-
in-pseudotyped recombinant baculovirus vaccine confers complete
protection against lethal rabies virus challenge in a mouse model.
Vet Microbiol. 2014; 171(1–2): 93–101.

64. Êàðïîâ ÀÏ, Òóòûõèíà ÈË, Ëîãóíîâ ÄÞ, Âåðõîâñêàÿ ËÂ, Øìà-
ðîâ ÌÌ, Âàëèõîâ ÀÔ è äð. Êîíñòðóèðîâàíèå ðåêîìáèíàíòíûõ
àäåíîâèðóñîâ ïòèö CELO, ýêñïðåññèðóþùèõ ãåíû ãëèêîïðî-
òåèíîâ gB, gE, gI âèðóñà áîëåçíè Ìàðåêà. Áèîòåõíîëîãèÿ
2007; (5): 38–44.

65. Òóòûõèíà ÈË, Ùåðáèíèí ÄÍ, Øìàðîâ ÌÌ, Ëîãóíîâ ÄÞ, Íàðî-
äèöêèé ÁÑ. Ïðåèìóùåñòâà è ïåðñïåêòèâû èñïîëüçîâàíèÿ ãå-
íåòè÷åñêèõ âàêöèí äëÿ çàùèòû îò îïàñíûõ è ñîöèàëüíî çíà-
÷èìûõ èíôåêöèé. Âåñòíèê ÐÀÌÍ 2011; (10): 37–49.

66. Zhang S, Liu Y, Fooks AR, Zhang F, Hu R. Oral vaccination of dogs
(Canis familiaris) with baits containing the recombinant rabies-ca-
nine adenovirus type-2 vaccine confers long-lasting immunity aga-
inst rabies. Vaccine 2008; 26(3): 345–50.

67. Hu RL, Liu Y, Zhang SF, Zhang F, Fooks AR. Experimental immuni-
zation of cats with a recombinant rabies-canine adenovirus vaccine
elicits a long-lasting neutralizing antibody response against rabies.
Vaccine 2007; 25(29): 5301–7.

68. Zhao J, Liu Y, Zhang S, Fang L, Zhang F, Hu R. Experimental oral
immunization of ferret badgers (Melogale moschata) with a recom-
binant canine adenovirus vaccine CAV-2-E3D-RGP and an attenua-
ted rabies virus SRV9. J Wildl Dis. 2014; 50(2): 374–7.

69. Øìàðîâ MM, Òóòûõèíà ÈË, Ëîãóíîâ ÄÞ, Âåðõîâñêàÿ ËÂ, Íàðî-
äèöêèé ÁÑ, Ãèíöáóðã ÀË. Èíäóêöèÿ ïðîòåêòèâíîãî èììóííî-
ãî îòâåòà ó ìûøåé, âàêöèíèðîâàííûõ ðåêîìáèíàíòíûì àäå-
íîâèðóñîì ïòèö CELO, ýêñïðåññèðóþùèì ãëèêîïðîòåèí G âè-
ðóñà áåøåíñòâà. Æóðíàë ìèêðîáèîëîãèè, ýïèäåìèîëîãèè è
èììóíîáèîëîãèè 2006; (4): 69–71.

70. Xiang ZQ, Greenberg L, Ertl HC, Rupprecht CE. Protection of
non-human primates against rabies with an adenovirus recombi-
nant vaccine. Virology 2014; 450–451: 243–9.

71. Tutykhina IL, Logunov DY, Shcherbinin DN, Shmarov MM, Tukhva-
tulin AI, Naroditsky BS, et al. Development of adenoviral vector-ba-
sed mucosal vaccine against influenza. J Mol Med (Berl). 2011;
89(4): 331–41.

72. Yarosh OK, Wandeler AI, Graham FL, Campbell JB, Prevec L. Hu-
man adenovirus type 5 vectors expressing rabies glycoprotein. Vac-
cine 1996; 14(13): 1257–64.

73. Shen CF, Lanthier S, Jacob D, Montes J, Beath A, Beresford A, et al.
Process optimization and scale-up for production of rabies vaccine
live adenovirus vector (AdRG1.3). Vaccine 2012; 30(2): 300–6.

74. Lutze-Wallace C, Wandeler A, Prevec L, Sidhu M, Sapp T, Armst-
rong J. Characterization of a human adenovirus 5: rabies glycopro-
tein recombinant vaccine reisolated from orally vaccinated skunks.
Biologicals 1995; 23(4): 271–7.

Íîâûå àíòèðàáè÷åñêèå ðåêîìáèíàíòíûå âàêöèíû

ÁÈÎïðåïàðàòû. Ïðîôèëàêòèêà, äèàãíîñòèêà, ëå÷åíèå. 2016. Ò. 16. ¹ 4 225



75. Knowles MK, Nadin-Davis SA, Sheen M, Rosatte R, Mueller R, Be-
resford A. Safety studies on an adenovirus recombinant vaccine for
rabies (AdRG1.3-ONRAB®) in target and non-target species. Vacci-
ne 2009; 27(47): 6619–26.

76. Knowles MK, Roberts D, Craig S, Sheen M, Nadin-Davis SA, Wande-
ler AI. In vitro and in vivo genetic stability studies of a human adeno-
virus type 5 recombinant. Vaccine 2009; 27(20): 2662–8.

77. Rosatte RC, Donovan D, Davies JC, Brown L, Allan M, von Zuben V,
et al. High-density baiting with ONRABH rabies vaccine Baits to con-
trol arctic-variant rabies in striped skunks in Ontario, Canada. J
Wildl Dis. 2011; 47(2): 459–65.

78. Mainguy J, Rees EE, Canac-Marquis P, Bélanger D, Fehlner-Gardi-
ner C, Séguin G, et al. Oral rabies vaccination of raccoons and stri-
ped skunks with ONRAB® baits: multiple factors influence field im-
munogenicity. J Wildl Dis. 2012; 48(4): 979–90.

79. Sobey KG, Walpole AA, Rosatte R, Fehlner-Gardiner C, Donovan D,
Bachmann P, et al. An assessment of ONRAB® oral rabies vaccine
persistence in free-ranging mammal populations in Ontario, Cana-
da. Vaccine 2013; 31(17): 2207 – 13.

80. Slate D, Chipman RB, Algeo TP, Mills SA, Nelson KM, Croson CK, et
al. Safety and immunogenicity of Ontario rabies vaccine bait
(ONRAB) in the first us field trial in raccoons (Procyon lotor). J Wildl
Dis. 2014; 50(3): 582–95.

81. Fry TL, Vandalen KK, Duncan C, Vercauteren K. The safety of
ONRAB®in select non-target wildlife. Vaccine 2013; 31(37):
3839–42.

82. Centers for Disease Control and Prevention (CDC). Human contacts
with oral rabies vaccine baits distributed for wildlife rabies manage-
ment–Ohio, 2012. MMWR Morb Mortal Wkly Rep. 2013; 62(14):
267–9.

83. Gao GP, Yang Y, Wilson JM. Biology of adenovirus vectors with E1
and E4 deletions for liver-directed gene therapy. J Virol. 1996;
70(12): 8934–43.

84. Wang S, Sun C, Zhang S, Zhang X, Liu Y, Wang Y, et al. Glycoprotein
from street rabies virus BD06 induces early and robust immune
responses when expressed from a nonreplicative adenovirus re-
combinant. Arch Virol. 2015; 160(9): 2315–23.

Îá àâòîðàõ
Ôåäåðàëüíîå ãîñóäàðñòâåííîå áþäæåòíîå ó÷ðåæäåíèå «Ôåäåðàëüíûé íàó÷íî-èññëåäîâàòåëüñêèé öåíòð ýïèäåìèîëîãèè è ìèêðîáèî-
ëîãèè èìåíè ïî÷åòíîãî àêàäåìèêà Í. Ô. Ãàìàëåè» Ìèíèñòåðñòâà çäðàâîîõðàíåíèÿ Ðîññèéñêîé Ôåäåðàöèè. Ðîññèéñêàÿ Ôåäåðàöèÿ,
123098, Ìîñêâà, óë. Ãàìàëåè, 18.
Ñåäîâà Åëåíà Ñåðãååâíà. Íàó÷íûé ñîòðóäíèê ëàáîðàòîðèè ìîëåêóëÿðíîé áèîòåõíîëîãèè, êàíä. áèîë. íàóê.
Øìàðîâ Ìàêñèì Ìèõàéëîâè÷. Ðóêîâîäèòåëü ëàáîðàòîðèè ìîëåêóëÿðíîé áèîòåõíîëîãèè, ä-ð áèîë. íàóê.

Àäðåñ äëÿ ïåðåïèñêè: Ñåäîâà Åëåíà Ñåðãååâíà; sedova-es@yandex.ru

New recombinant rabies vaccines

E. S. Sedova, M. M. Shmarov

Federal State Budgetary Institution «Federal Research Centre
for Epidemiology and Microbiology named after the honorary academician N. F. Gamaleya»
of the Ministry of Health of the Russian Federation, Moscow, Russia

The review covers problems of construction and production of new recombinant rabies vaccine. New approaches are being
investigated to develop rabies vaccine and include methods of reverse genetic, production of virus antigens in plant cells
cultures, obtaining of virus like particles and DNA and virus vector-based vaccines. Reverse genetics techniques let to ma-
nipulate the rabies genome and construct new attenuated strains of rabies virus. The production of the rabies virus main
antigen (the glycoprotein G) in the plant cells cultures is promising for getting «edible» vaccines that do not require clean-
ing of antigen and repeated parenteral administration. Virus-like particles are capable to carry several rabies virus anti-
gens, as well as different molecular adjuvants. DNA vaccines are characterized by ease preparation and low cost, but re-
quire different ways to enhance immunogenicity. Such approaches as DNA and virus vector-based vaccines delivering for-
eign genes, for example the gene of the glicoprotein G. Nowadays veterinary vaccines based on recombinant
replication-competent vaccinia virus and human adenovirus type 5 are being actively used. Non-replicative human
adenovirus type 5, expressing rabies glycoprotein G gene, is a good candidate for development of vaccines for mass immu-
nization of the population.

Key words: recombinant vaccines; rabies virus; reverse genetic; plant cells cultures; virus-like particles; genetic vaccine.
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