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Ïðîâåäåí àíàëèç ñîâðåìåííûõ ëèòåðàòóðíûõ äàííûõ, êàñàþùèõñÿ 
ìåõàíèçìîâ ðàçâèòèÿ îãðàíè÷åííîé è ñèñòåìíîé ñàëüìîíåëëåçíîé èíôåêöèé. 
Çàìå÷àòåëüíàÿ ñïîñîáíîñòü ñàëüìîíåëë óæå ÷åðåç íåñêîëüêî ìèíóò ïîñëå 
ïîãëîùåíèÿ èíôèöèðîâàííîé ïèùè ïðîíèêàòü â ôàãîöèòû è ýíòåðîöèòû è 
äàëåå ïî âñåìó òåëó îáåñïå÷èâàåòñÿ íàáîðîì èç íåñêîëüêèõ äåñÿòêîâ 
ýôôåêòîðîâ (âñåãî áàêòåðèàëüíûé ãåíîì âêëþ÷àåò îêîëî 4500 ãåíîâ), ÷üÿ 
êîîðäèíèðîâàííàÿ ýêñïðåññèÿ ñïîñîáñòâóåò âíóòðèêëåòî÷íîìó âûæèâàíèþ è 
ðåïëèêàöèè áàêòåðèé. Îñíîâíàÿ ÷àñòü ýôôåêòîðîâ ñâÿçàíà ñ îñòðîâàìè 
ïàòîãåííîñòè ñàëüìîíåëë, SPI-1 è SPI-2. Êðîìå òîãî, ìíîãèå øòàììû 
ñàëüìîíåëë ñîäåðæàò â ñîñòàâå ãåíîìîâ äðóãèå ïàòîãåííûå ëîêóñû, 
êîíòðîëèðóþùèå áàêòåðèàëüíóþ àäãåçèþ, èíâàçèþ, èíôåêöèþ, óñòîé÷èâîñòü ê 
àíòèìèêðîáíûì ñðåäñòâàì. Ñåðüåçíàÿ óãðîçà, êîòîðóþ ïðåäñòàâëÿåò ñîáîé 
ñàëüìîíåëëåç, ÿâëÿåòñÿ ñòèìóëîì äëÿ äàëüíåéøåãî åãî èçó÷åíèÿ è 
ñîâåðøåíñòâîâàíèÿ èíôðàñòðóêòóðû îáùåñòâåííîãî çäðàâîîõðàíåíèÿ. 

Êëþ÷åâûå ñëîâà: ñàëüìîíåëëà, S.Typhimurium, S.Enteritidis, ïàòîãåíåç. 
 
Ïðîâåäåíèé àíàë³ç ñó÷àñíèõ ë³òåðàòóðíèõ äàíèõ ùîäî ìåõàí³çì³â ðîçâèòêó 

îáìåæåíî¿ òà ñèñòåìíî¿ ñàëüìîíåëüîçíèõ ³íôåêö³é. ×óäîâà çäàòí³ñòü ñàëüìîíåë 
âæå ÷åðåç ê³ëüêà õâèëèí ï³ñëÿ ïîãëèíàííÿ ³íô³êîâàíî¿ ¿æ³ ïðîíèêàòè ó 
ôàãîöèòè òà åíòåðîöèòè ³ äàë³ ïî âñüîìó îðãàí³çìó çàáåçïå÷óºòüñÿ íàáîðîì ³ç 
ê³ëüêîõ äåñÿòê³â åôåêòîð³â (óñüîãî áàêòåð³àëüíèé ãåíîì ì³ñòèòü áëèçüêî 4500 
ãåí³â), ÷èÿ êîîðäèíîâàíà åêñïðåñ³ÿ ñïðèÿº âíóòð³øíüîêë³òèííîìó âèæèâàííþ òà 
ðåïë³êàö³¿ áàêòåð³é. Îñíîâíà ÷àñòèíà åôåêòîð³â ïîâ’ÿçàíà ç îñòðîâàìè 
ïàòîãåííîñò³ ñàëüìîíåë, SPI-1 ³ SPI-2. Êð³ì òîãî, áàãàòî øòàì³â ñàëüìîíåë 
ì³ñòÿòü ó ñêëàä³ ãåíîìó ³íø³ ïàòîãåíí³ ëîêóñè, ÿê³ êîíòðîëþþòü áàêòåð³àëüíó 
àäãåç³þ, ³íâàç³þ, ³íôåêö³þ, îï³ðí³ñòü äî ïðîòèì³êðîáíèõ çàñîá³â. Ñåðéîçíà 
íåáåçïåêà, ÿêîþ º ñàëüìîíåëüîç, ñòèìóëþº ïîäàëüøå éîãî âèâ÷åííÿ òà 
âäîñêîíàëåííÿ ³íôðàñòðóêòóðè îõîðîíè çäîðîâ’ÿ ñóñï³ëüñòâà. 

Êëþ÷îâ³ ñëîâà: ñàëüìîíåëà, S.Typhimurium, S.Enteritidis, ïàòîãåíåç. 
 

ÂÂÅÄÅÍÈÅ 
Salmonella entericà ÿâëÿåòñÿ ÷ëåíîì ñåìåéñòâà Enterobacteriaceae, 
áîëüøîé ãðóïïû ãðàìíåãàòèâíûõ ôàêóëüòàòèâíûõ àíàýðîáîâ, áîëüøàÿ 
÷àñòü êîòîðûõ âõîäèò â ñîñòàâ êèøå÷íîé ìèêðîáèîòû ïîçâîíî÷íûõ. Èç 
èçâåñòíûõ íà ñåãîäíÿøíèé äåíü áîëåå ÷åì 2500 ñåðîâàðîâ S.entericà ëèøü 
íåêîòîðûå àññîöèèðîâàíû ñ çàáîëåâàíèÿìè ëþäåé, êîòîðûå îáû÷íî 
ïðîòåêàþò â âèäå ñàìîîãðàíè÷åííîãî ãàñòðîýíòåðèòà ëèáî â âèäå áîëåå 
ñåðüåçíîãî ãàñòðîýíòåðèòà, ëèáî â âèäå òèôà/ïàðàòèôà. S.entericà 
ñåðîâàðû Typhimurium (S.Typhimurium) è Ånteritidis (S. Enteritidis) 
ÿâëÿþòñÿ îäíèìè èç íàèáîëåå ÷àñòûõ ïðè÷èí äèàðåéíûõ çàáîëåâàíèé ó 
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ëþäåé, à òàêæå âàæíûìè ïàòîãåíàìè ïèùåâûõ æèâîòíûõ, âêëþ÷àÿ 
òåëÿò, ñâèíåé è öûïëÿò. Ñàëüìîíåëëû ÿâëÿþòñÿ ôàêóëüòàòèâíûìè 
âíóòðèêëåòî÷íûìè ïàðàçèòàìè. Â îðãàíèçì ÷åëîâåêà ñàëüìîíåëëû 
ïîñòóïàþò ñ ìÿñîì èíôèöèðîâàííûõ æèâîòíûõ èëè êàê ôàêòîð 
îêðóæàþùåé ñðåäû. Ïîñëå ïîãëîùåíèÿ ïèùè è êèøå÷íîé êîëîíèçàöèè 
ñàëüìîíåëëû âíåäðÿþòñÿ â ñëèçèñòóþ êèøå÷íèêà íåñêîëüêèìè ïóòÿìè: 
áàêòåðèè ìîãóò ïîãëîùàòüñÿ ïðèìèðîâàííûìè Ì-êëåòêàìè, îíè ìîãóò 
áûòü çàõâà÷åíû â ïðîñâåòå êèøå÷íèêà CD18+ ôàãîöèòàìè, ïðîíèêøèìè 
÷åðåç ýïèòåëèàëüíûé ìîíîñëîé, äåíäðèòíûìè êëåòêàìè (ÄÊ) èëè ìîãóò 
ñàìîñòîÿòåëüíî ïðîíèêíóòü â íåôàãîöèòèðóþùèå ýíòåðîöèòû. Ïðè 
èíòåðíàëèçàöèè â íåôàãîöèòèðóþùèå êëåòêè ñàëüìîíåëëû ôîðìèðóþò 
âíóòðèêëåòî÷íîå ôàãîñîìàëüíîå îáðàçîâàíèå, íàçûâàåìîå ñàëüìîíåëëà-
ñîäåðæàùàÿ âàêóîëü (Salmonella-containing vacuole, SCV). Ñîçðåâàþùàÿ 
SCV ïåðåíîñèòñÿ ê àïïàðàòó Ãîëüäæè ñåëåêòèâíûì âíóòðèêëåòî÷íûì 
ïóòåì. Ðàñïîëàãàÿñü â ïåðèíóêëåàðíîé çîíå, çàêëþ÷åííûå â SCV 
áàêòåðèè ðàçìíîæàþòñÿ, ôîðìèðóÿ òóáóëîâåçèêóëÿðíûå SCV-ñòðóêòóðû, 
íàçûâàåìûå ôèëàìåíòàìè (Salmonella-induced filaments, Sifs). Õîòÿ 
áîëüøèíñòâî èíôèöèðóþùèõ ñàëüìîíåëë îñòàþòñÿ ëîêàëèçîâàííûìè â 
êèøå÷íèêå, ãäå îíè âûçûâàþò âîñïàëèòåëüíûå îòâåòû, âêëþ÷àÿ äèàðåþ, 
ïðè ñèñòåìíûõ çàáîëåâàíèÿõ ñàëüìîíåëëû äîñòèãàþò ñóáìóêîçû, 
èíòåðíàëèçóþòñÿ ðåçèäåíòíûìè ìàêðîôàãàìè, ÷àñòè÷íî âûæèâàþò â íèõ 
è áûñòðî äèññåìèíèðóþò ñ êðîâîòîêîì, íàêàïëèâàÿñü â ìåçåíòåðèàëüíûõ 
ëèìôîóçëàõ è, â êîíå÷íîì èòîãå, â ñåëåçåíêå [1]. Ñïîñîáíîñòü áàêòåðèé 
âûæèâàòü â ðàçíûõ òèïàõ êëåòîê õîçÿèíà îïðåäåëÿåò óñïåõ èíôåêöèè, 
ÿâëÿåòñÿ àòðèáóòèâíûì ïðèçíàêîì ïàðàçèòèçìà ñàëüìîíåëë. Èñõîä 
ñàëüìîíåëëåçíîé èíôåêöèè çàâèñèò îò áîëüøîãî íàáîðà ôàêòîðîâ 
ïàðàçèòà è õîçÿèíà, àíàëèçó êîòîðûõ ïîñâÿùåí íàñòîÿùèé îáçîð. 
 

ÖÅËÜ ÐÀÁÎÒÛ 
Îöåíèòü îáùóþ ñòðàòåãèþ è êîíêðåòíûå ìåõàíèçìû îòäåëüíûõ 

çâåíüåâ ïàòîãåíåçà ñàëüìîíåëëåçíîé èíôåêöèè â êà÷åñòâå ïðèìåðà 
âçàèìîäåéñòâèÿ âîçáóäèòåëåé áàêòåðèàëüíûõ èíôåêöèé è êëåòêè õîçÿèíà 
è äëÿ ñîâåðøåíñòâîâàíèÿ ýïèäåìèîëîãè÷åñêîãî íàäçîðà çà ýòîé 
èíôåêöèåé. 
 

ÎÑÍÎÂÍÀß ×ÀÑÒÜ 
Èíôåêöèÿ è êîëîíèçàöèÿ êèøå÷íèêà. Ñàëüìîíåëëåçíàÿ èíôåêöèÿ 

ïåðåäàåòñÿ ôåêàëüíî-îðàëüíûì ïóòåì. Èíôåêöèîííàÿ äîçà ñîñòàâëÿåò 
30≥109 ìèêðîîðãàíèçìîâ è çàâèñèò îò õàðàêòåðà ïîãëîùåííîé ïèùè è 
íàïðÿæåííîñòè ôàêòîðîâ âðîæäåííîãî èììóíèòåòà [2]. Âûñîêîå 
ñîäåðæàíèå æèðà â ïèùå óìåíüøàåò äîçó èíôåêòà [3]. ×òîáû äîñòè÷ü 
ìåñòà êîëîíèçàöèè, ñàëüìîíåëëû äîëæíû ïðåîäîëåòü íåáëàãîïðèÿòíóþ 
ñðåäó æåëóäêà, âêëþ÷àÿ äåéñòâèå ñèëüíûõ íåîðãàíè÷åñêèõ êèñëîò. 
Ñàëüìîíåëëû èñïîëüçóþò ìåõàíèçìû, êîòîðûå ïîçâîëÿþò âûæèâàòü ïðè 
íèçêèõ çíà÷åíèÿõ ðÍ è â ïðèñóòñòâèè ñèëüíûõ êèñëîò. Ìíîãèå èç 
ýêñïðåññèðóåìûõ øîêîâûõ áåëêîâ àññîöèèðîâàíû ñ ó÷àñòêîì ãåíîìà ATR 
(acid tolerance response), îáåñïå÷èâàþùèì óñòîé÷èâîñòü ê êèñëîòàì. 
Áåëêè RpoS è PhoP Q âàæíû äëÿ âûæèâàíèÿ ïðè íèçêèõ çíà÷åíèÿõ ðÍ, 
âûçûâàåìûõ íåîðãàíè÷åñêèìè êèñëîòàìè, â òî âðåìÿ êàê áåëêè Fur è 
RpoS ó÷àñòâóþò â ðåãóëÿöèè òîëåðàíòíîñòè ê îðãàíè÷åñêèì êèñëîòàì [4]. 
Õîòÿ èçâåñòíû è äðóãèå ïóòè ïðîíèêíîâåíèÿ ñàëüìîíåëë â îðãàíèçì 
÷åðåç ðåñïèðàòîðíóþ ñèñòåìó è ìèíäàëèíû, îñíîâíûì îñòàåòñÿ ôåêàëüíî-
îðàëüíûé ïóòü. Âñëåä çà ïðîíèêíîâåíèåì â îðãàíèçì áàêòåðèè 
îêàçûâàþòñÿ â ñîñòîÿíèè êîëîíèçèðîâàòü ìíîæåñòâî ñàéòîâ, âêëþ÷àÿ 
òîíêèé êèøå÷íèê, òîëñòóþ è ñëåïóþ êèøêè. Àäãåçèÿ îñóùåñòâëÿåòñÿ 
ïîñðåäñòâîì âîðñèíîê (ôèìáðèé) èëè ïèëåé, èìåþùèõñÿ íà ïîâåðõíîñòè 
áàêòåðèé. Ãåíîì ñàëüìîíåëë ñîäåðæèò 13 ëîêóñîâ, ïðåäïîëîæèòåëüíî 
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êîäèðóþùèõ âîðñèíêè, ìíîãèå èç êîòîðûõ èíäóöèðóþòñÿ in vivo è 
òðåáóþòñÿ äëÿ îáðàçîâàíèÿ áèîïëåíêè, ïðèêðåïëåíèÿ ê êëåòêàì õîçÿèíà 
è êîëîíèçàöèè, íî íå äëÿ âûæèâàíèÿ âíóòðè ýòèõ êëåòîê [5]. 
Èäåíòèôèöèðîâàíî íåñêîëüêî òèïîâ ôèìáðèé, ó÷àñòâóþùèõ â 
êîëîíèçàöèè, â òîì ÷èñëå ôèìáðèè 1-ãî òèïà (Fim), äëèííûå ïîëÿðíûå 
ôèìáðèè (Lpf), òîíêèå ôèìáðèè è êîäèðóåìûå ïëàçìèäàìè ôèìáðèè 
(Pef) [6]. Fim ñâÿçûâàåòñÿ ñî ñïåöèôè÷åñêèìè D-ìàííîçíûìè 
ðåöåïòîðàìè íà ïîâåðõíîñòè êëåòîê ðàçíûõ òèïîâ. Ýòè ôèìáðèè 
êîäèðóþòñÿ 7 ãåíàìè (fimAICDHF). Îñíîâíàÿ ñòðóêòóðíàÿ åäèíèöà – 
FimÀ, FimÍ – ñóáúåäèíèöà, êîòîðàÿ âçàèìîäåéñòâóåò ñ ïîâåðõíîñòíûìè 
êëåòî÷íûìè ðåöåïòîðàìè, óñèëèâàÿ ïðèñîåäèíåíèå [6]. Ýòîò àäãåçèí 
òàêæå ìåäèèðóåò íåçàâèñèìîå îò ïåðâîé ñèñòåìû òðåòüåãî òèïà (T3SS-1) 
ïîãëîùåíèå ñàëüìîíåëë äåíäðèòíûìè êëåòêàìè [7]. Ãåíåòè÷åñêèå 
âàðèàöèè óêàçàííûõ ãåíîâ ñóùåñòâåííû â îïðåäåëåíèè êëåòî÷íîé 
òðîïíîñòè, êîòîðóþ äåìîíñòðèðóþò íåêîòîðûå ïàòîãåíû [6]. Äðóãèå òèïû 
ôèìáðèé òàêæå îáíàðóæèâàþò îïðåäåëåííóþ òðîïíîñòü: Lpf ñâÿçûâàåòñÿ 
ñ ïîâåðõíîñòüþ Ïåéåðîâûõ áëÿøåê è Ì-êëåòîê, Pef ñâÿçûâàåòñÿ ñ 
âîðñèíêàìè êèøå÷íèêà.  

 
Èíâàçèÿ â ýïèòåëèàëüíûå íåôàãîöèòèðóþùèå êëåòêè õîçÿèíà. 

Èíòåðíàëèçàöèÿ ñàëüìîíåëë â êëåòêè õîçÿèíà ïðîèñõîäèò ïîñðåäñòâîì 
äâóõ ðàçëè÷íûõ ïðîöåññîâ. Ïðîôåññèîíàëüíûå ôàãîöèòû, òàêèå, êàê 
ìàêðîôàãè, èñïîëüçóþò ôàãîöèòîç äëÿ ýôôåêòèâíîãî ðàñïîçíàâàíèÿ è 
èíòåðíàëèçàöèè áàêòåðèàëüíûõ ïàòîãåíîâ. Êðîìå òîãî, ñàëüìîíåëëû 
ìîãóò àêòèâíî âíåäðÿòüñÿ êàê â ôàãîöèòèðóþùèå, òàê è â 
íåôàãîöèòèðóþùèå êëåòêè, èñïîëüçóÿ ò.í. ñèñòåìû ñåêðåöèè. Ôàãîöèòîç 
ãðàìíåãàòèâíûõ áàêòåðèé ÿâëÿåòñÿ ñëîæíûì ïðîöåññîì, â êîòîðûé 
âîâëå÷åíî ìíîæåñòâî ðåöåïòîðîâ, ÷àñòü èç êîòîðûõ ïîâûøàåò 
ýôôåêòèâíîñòü ïîãëîùåíèÿ, à äðóãèå àêòèâèðóþò ðàçëè÷íûå ñèãíàëüíûå 
ïóòè ôàãîöèòîçà. Ñïåöèôè÷åñêèå ðåöåïòîðû ðàñïîçíàþò ìîëåêóëû, 
àññîöèèðîâàííûå ñ ïàòîãåíàìè, âêëþ÷àÿ ëèïîïîëèñàõàðèä (ËÏÑ) è 
ôëàãåëëèí, è ñâÿçûâàþòñÿ ñ ëèãàíäîì íà ïîâåðõíîñòè êëåòêè èëè âíóòðè 
ôàãîñîìû, âîçäåéñòâóÿ òåì ñàìûì íà ñîçðåâàíèå ôàãîñîìû, ýêñïðåññèþ 
ñèãíàëîâ è ãåíîâ [8]. Â òî âðåìÿ êàê ôàãîöèòîç ÿâëÿåòñÿ âàæíåéøåé 
ôóíêöèåé âðîæäåííîãî èììóíèòåòà, ðàññ÷èòàííîé íà ïðèìåíåíèå ê 
ìàêñèìàëüíî øèðîêîìó êðóãó ðàçëè÷íûõ ïàòîãåíîâ, îïîñðåäîâàííàÿ 
ñèñòåìàìè ñåêðåöèè èíâàçèÿ ñàëüìîíåëë â ýïèòåëèàëüíûå êëåòêè – 
âûñîêî ñïåöèôè÷åñêèé ïðîöåññ, êîòîðûé çàâèñèò îò òî÷íîé ðåãóëÿöèè 
ýêñïðåññèè ðÿäà áàêòåðèàëüíûõ ôàêòîðîâ [9,10]. Èçâåñòíû íåñêîëüêî 
ñèñòåì ñåêðåöèè. Òàê, äâà áîëüøèõ áåëêà, BapA è SiiE, àññîöèèðîâàííûõ 
ñ ïîâåðõíîñòíîé ìåìáðàíîé, ïðèíèìàþò ó÷àñòèå â èíâàçèè/àäãåçèè è 
ïåðåíîñÿòñÿ ïîñðåäñòâîì ñèñòåì ñåêðåöèè 1-ãî òèïà, BapBCD è SiiCDF 
ñîîòâåòñòâåííî [11,12]. SiiE èìååò ìíîæåñòâåííûå ïîâòîðû, ñîñòîÿùèå èç 
90 àìèíîêèñëîò, è Ñ-òåðìèíàëüíóþ ÷àñòü, êîòîðàÿ èíäóöèðóåò ñèãíàë. 
Ýòîò áåëîê êîäèðóåòñÿ â ïðåäåëàõ ÷åòâåðòîãî îñòðîâà ïàòîãåííîñòè 
ñàëüìîíåëë (SPI-4), êîòîðûé êîîðäèíàòíî ðåãóëèðóåòñÿ SPI-1 [13,14]. 

Îäíàêî îñíîâíûì ìåõàíèçìîì, èñïîëüçóåìûì áàêòåðèÿìè äëÿ 
ïðîíèêíîâåíèÿ â êëåòêó, ÿâëÿåòñÿ T3SS-1(ñèñòåìà ñåêðåöèè 3-ãî òèïà). 
Âñëåä çà êîíòàêòîì ñ êëåòêîé-õîçÿèíîì ñàëüìîíåëëû íà÷èíàþò 
ýêñïðåññèðîâàòü ãåíû, ðàñïîëîæåííûå â ïðåäåëàõ ïåðâîãî è âòîðîãî 
îñòðîâîâ ïàòîãåííîñòè, SPI-1 è SPI-2. Çíà÷èòåëüíàÿ ÷àñòü èç íèõ âõîäèò 
â ñîñòàâ T3SS, êîòîðàÿ ïðèíèìàåò ñàìîå àêòèâíîå ó÷àñòèå â èíâàçèè 
ñàëüìîíåëë. Ãëàâíûì ðåãóëÿòîðíûì áåëêîì T3SS ÿâëÿåòñÿ HilA, 
ýêñïðåññèÿ êîòîðîãî ìåäèèðóåòñÿ ðÿäîì âíåøíèõ ôàêòîðîâ, âàæíûõ äëÿ 
âûæèâàíèÿ êëåòêè. T3SS ïðåäñòàâëÿåò ñîáîé êîìïëåêñ áåëêîâ, êîòîðûé 
îáåñïå÷èâàåò òðàíñïîðò ôàêòîðîâ âèðóëåíòíîñòè ïðÿìî â êëåòêó õîçÿèíà 
è àññîöèèðîâàí ïî ìåíüøåé ìåðå ñ 20 ñòðóêòóðíûìè è ðåãóëÿòîðíûìè 
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áåëêàìè, ó÷àñòâóþùèìè â èíâàçèè. Áàçîâàÿ ñòðóêòóðà T3SS-êîìïëåêñà 
îõâàòûâàåò ìåìáðàíû áàêòåðèè è êëåòêè, à èãëîïîäîáíàÿ ñòðóêòóðà 
âûäâèãàåòñÿ èç áàçîâîé, âçàèìîäåéñòâóÿ ñ êëåòêîé õîçÿèíà. Âíóòðè 
áàçîâîé è èãëîïîäîáíîé ñòðóêòóð íàõîäèòñÿ ïàëî÷êîâèäíàÿ ñòðóêòóðà, 
êîòîðàÿ ôîðìèðóåò êàíàë ìåæäó áàêòåðèàëüíîé öèòîïëàçìîé è 
ìåìáðàíîé êëåòêè õîçÿèíà. Íà öèòîïëàçìàòè÷åñêîé (áàêòåðèàëüíîé) 
ñòîðîíå T3SS-ñòðóêòóðû ðàñïîëàãàþòñÿ ÷àñòè ýêñïîðòíîé ñèñòåìû, 
ñîäåðæàùåé ÀÒÔàçíûé êîìïëåêñ, êîòîðûé óñêîðÿåò òðàíñïîðò 
ýôôåêòîðíûõ ìîëåêóë ÷åðåç âíóòðåííèé êàíàë â òðàíñëîêàçíûé 
êîìïëåêñ, íàõîäÿùèéñÿ íà êëåòî÷íîé ìåìáðàíå [10,15-17]. Ãåíû, 
êîäèðóþùèå T3SS-êîìïëåêñ, àññîöèèðîâàíû ñ ëîêóñîì SPI-1, êîòîðûé 
äåòåðìèíèðóåò è äðóãèå ôàêòîðû âèðóëåíòíîñòè (àäãåçèíû, èíâàçèíû, 
òîêñèíû). Ïåðâûé îñòðîâ ïàòîãåííîñòè (Ð1) ìîæåò áûòü ðàñïîëîæåí íà 
áàêòåðèàëüíîé õðîìîñîìå èëè ïëàçìèäå, ôëàíêèðîâàí ïîâòîðÿþùèìèñÿ 
ïîñëåäîâàòåëüíîñòÿìè è ïî ñîñòàâó ÃÖ-ïàð îòëè÷àåòñÿ îò îêðóæàþùåãî 
ãåíîìà. Â áàêòåðèàëüíîì ãåíîìå Ð1 òèïè÷íî àññîöèèðîâàí ñ ãåíàìè 
òÐÍÊ, ÷àñòî ïîäâèæåí è ìîæåò ïåðåìåùàòüñÿ ê ðàçëè÷íûì ëîêóñàì 
òÐÍÊ. Íåêîòîðûå Ð1-îáëàñòè ñîäåðæàò è äðóãèå ãåíåòè÷åñêèå ñòðóêòóðû, 
òàêèå, êàê òðàíñïîçîíû, èíòåãðîíû èëè âñòàâëåííûå ïîñëåäîâàòåëüíîñòè 
(IS) [18]. Ïîìèìî ðåãóëÿòîðíûõ è ýôôåêòîðíûõ ãåíîâ ðàñïîëîæåííûé íà 
SPI-1 êîìïëåêñ T3SS ñîäåðæèò ñòðóêòóðíûå ãåíû prgHIJK, 
spaMNOPQRS, invABCEFGH. 

Ñáîðêà T3SS íà÷èíàåòñÿ ñ âíóòðåííåé êîëüöåâîé ñòðóêòóðû, êîòîðàÿ 
îõâàòûâàåò êëåòî÷íóþ ìåìáðàíó è ñîáèðàåòñÿ èç ñóáúåäèíèö ÐrgH è 
ÐrgK [19]. Çàòåì èç áåëêîâ InvA, InvC, SpaP, SpaQ, SpaR, SpaS 
ñîáèðàåòñÿ öèòîïëàçìàòè÷åñêîå ýêñïîðòíîå óñòðîéñòâî. Îäíîâðåìåííî èç 
áåëêîâ InvG è InvÍ íà âíåøíåé ìåìáðàíå ñîáèðàåòñÿ âíåøíÿÿ êîëüöåâàÿ 
ñòðóêòóðà, êîòîðàÿ ñîåäèíÿåòñÿ ñ âíóòðåííåé ïðè ïîìîùè ðåãóëÿòîðíîãî 
áåëêà InvJ. Çàâåðøàåòñÿ ñáîðêà ïðèñîåäèíåíèåì èãëîïîäîáíîé è 
ïàëî÷êîâèäíîé ñòðóêòóð, ñîñòàâëåííûõ èç ñóáúåäèíèö ÐrgJ è ÐrgI [19]. 
Çàâåðøåííàÿ T3SS-ñòðóêòóðà ïåðåìåùàåò ýôôåêòîðíûå áåëêè èç 
áàêòåðèàëüíîé öèòîïëàçìû â êëåòêó õîçÿèíà. Â áàêòåðèàëüíîé 
öèòîïëàçìå ìîëåêóëû-øàïåðîíû ñâÿçûâàþòñÿ ñ ýôôåêòîðíûìè áåëêàìè è 
ñîïðîâîæäàþò èõ â ýêñïîðòíóþ ñèñòåìó T3SS. Øàïåðîíû 
âçàèìîäåéñòâóþò ñ ÀÒÔàçîé, ÷òî ïîçâîëÿåò ýôôåêòîðàì îòäåëÿòüñÿ îò 
øàïåðîíîâ è ïðîíèêàòü â èãëîïîäîáíóþ ñòðóêòóðó è äàëåå - â êëåòêó 
õîçÿèíà. Ïðîöåññ ïåðåíîñà îñóùåñòâëÿåòñÿ ïðè ïîìîùè 
òðàíñëîêàöèîííîãî êîìïëåêñà, âñòðîåííîãî â ìåìáðàíó êëåòêè õîçÿèíà. 
Áåëêè ýòîãî êîìïëåêñà ïðîäóöèðóþòñÿ áàêòåðèåé è ÿâëÿþòñÿ ÷àñòüþ 
íà÷àëüíûõ ýôôåêòîðíûõ ìîëåêóë, ñåêðåòèðóåìûõ T3SS. Ýòè áåëêè 
âñòðàèâàþòñÿ â ìåìáðàíó êëåòêè õîçÿèíà è ôîðìèðóþò êàíàëû äëÿ 
äîñòàâêè äîïîëíèòåëüíûõ ýôôåêòîðíûõ áåëêîâ â öèòîïëàçìó. Áåëêè 
«èãëû» âçàèìîäåéñòâóþò ñ òðàíñëîêàöèîííûì êîìïëåêñîì â ïåðåíîñå 
áàêòåðèàëüíûõ áåëêîâ â öèòîçîëü õîçÿèíà [19]. 

Ïî êðàéíåé ìåðå, 15 ýôôåêòîðîâ ïåðåíîñÿòñÿ ïîñðåäñòâîì T3SS-1 â 
êëåòêè õîçÿèíà [15]. Â ðåçóëüòàòå ýòîãî ÷åòêî ñêîîðäèíèðîâàííîãî 
ïðîöåññà íåáîëüøàÿ ãðóïïà ýôôåêòîðíûõ áåëêîâ, êîäèðóåìûõ â ïðåäåëàõ 
SPI-1 (SipA, SipC, SopB/SigD, SopD, SopE2 è SptP), êîîïåðàòèâíî 
èíäóöèðóåò äåôîðìàöèþ ìåìáðàíû è äðàìàòè÷åñêóþ ðåàðàíæèðîâêó 
ïîäëåæàùåãî àêòèíîâîãî öèòîñêåëåòîíà, âñëåäñòâèå ÷åãî ïðîèñõîäèò 
ìàññèâíîå ëîêàëüíîå îáðàçîâàíèå ìåìáðàííûõ ìîðùèí (ruffles), 
ñîïðîâîæäàþùååñÿ áûñòðîé èíòåðíàëèçàöèåé áàêòåðèé â SCVs [15]. 
Îñòàëüíûå ýôôåêòîðû ñâÿçàíû ñ ïðîöåññàìè, ïðîòåêàþùèìè ïîñëå 
èíâàçèè, âêëþ÷àÿ âûæèâàíèå â êëåòêå-õîçÿèíå, áèîãåíåç SCV è 
ìîäóëèðîâàíèå âîñïàëèòåëüíîãî îòâåòà. Íàïðèìåð, èíîçèòîëôîñôàòàçà, 
SopB, ïðèíèìàåò ó÷àñòèå â èíâàçèè, Akt – àêòèâàöèè, ñåêðåöèè 
æèäêîñòè è îáðàçîâàíèè, áèîãåíåçå è ïîçèöèîíèðîâàíèè SCV [20,21]. 



”Â³ñíèê ÑóìÄÓ. Ñåð³ÿ Ìåäèöèíà”, ¹1’2010 9 

Ñ-òåðìèíàëüíûé êîìïîíåíò SPI-1 T3SS ëîêóñà SipC íåïîñðåäñòâåííî 
óïðàâëÿåò ñáîðêîé àêòèíà, âåäóùåé ê áûñòðîìó ðîñòó ôèëàìåíòîâ [16]. 
SipA (SspA) ïîâûøàåò ýôôåêòèâíîñòü èíâàçèè â êëåòêè êóëüòóðû [16] è 
óñèëèâàåò ïðîÿâëåíèÿ ýíòåðîêîëèòà in vivo [17]. SipA ñïîñîáñòâóåò 
ïîëèìåðèçàöèè àêòèíà, óìåíüøàÿ êðèòè÷åñêóþ äëÿ ñáîðêè åãî 
êîíöåíòðàöèþ, è ñîåäèíÿåòñÿ ñ F-àêòèíîì ñ âûñîêîé àôôèííîñòüþ, ÷òî 
ïðèâîäèò ê ìåõàíè÷åñêîé ñòàáèëèçàöèè ôèëàìåíòîâ [16,22]. Êðîìå òîãî, 
SipA ïîòåíöèðóåò íóêëåàöèþ àêòèíà, ïîâûøàåò àêòèâíîñòü êëåòî÷íîãî 
áåëêà Ò-ïëàñòèí (ôèìáðèí) è ïðåäîòâðàùàåò ñâÿçûâàíèå êëåòî÷íîãî 
àêòèí-äåïîëèìåðèçóþùåãî áåëêà ÀÄÔ/êîôèëèí ñ F-àêòèíîì, 
îäíîâðåìåííî ðàçðóøàÿ óæå îáðàçîâàâøèåñÿ êîìïëåêñû [22]. Â îòëè÷èå 
îò SipA è SipC, SopE è SopE2 íå ñâÿçûâàþò àêòèí. Îíè ìîäóëèðóþò 
öèòîñêåëåòîí îïîñðåäîâàííî ÷åðåç îáìåí ãóàíèíà íàïîäîáèå êëåòî÷íûõ 
ãóàíèí-îáìåííûõ ôàêòîðîâ (GEFs) [23]. Îíè, â ÷àñòíîñòè, êàòàëèçèðóþò 
çàìåíó ñâÿçàííîãî ÃÄÔ íà ÃÒÔ, ÷òî íåîáõîäèìî äëÿ àêòèâàöèè 
êëåòî÷íîé Rho-ÃÒÔàçû. Ýòî, â ñâîþ î÷åðåäü, çàïóñêàåò ñáîðêó àêòèíîâîãî 
öèòîñêåëåòîíà ÷åðåç Arp2/3. In vitro SopE è SopE2 èìåþò ðàçëè÷íûå 
ñóáñòðàòíûå ñïåöèôè÷íîñòè: SopE àêòèâèðóåò Rac-1 è Cdc42, à SopE2 
îáíàðóæèâàåò ñïåöèôè÷íîñòü òîëüêî ê Cdc42 [23]. SopE-çàâèñèìàÿ 
àêòèâàöèÿ òîëüêî Rac-1 êàæåòñÿ âïîëíå äîñòàòî÷íîé äëÿ áàêòåðèàëüíîé 
èíâàçèè. 

Èíîçèòîëôîñôàòàçà SopB (SigD) äåôîñôîðèëèðóåò ðÿä 
èíîçèòîëôîñôàòíûõ ñóáñòðàòîâ in vivo è in vitro [17,23]. Ïîäàâëåíèå 
àêòèâíîñòè SopB èíîçèòîëôîñôàòàçû îñëàáëÿåò èíäóöèðîâàííóþ 
ñàëüìîíåëëàìè ðåîðãàíèçàöèþ öèòîñêåëåòîíà [23]. SopB-çàâèñèìàÿ 
ñòèìóëÿöèÿ êëåòî÷íîãî ôàêòîðà SGEF (SÍ-ñîäåðæàùèé GEF) ïðèâîäèò ê 
àêòèâàöèè íåáîëüøîé ÃÒÔàçû RhoG, êîòîðàÿ ïðèíèìàåò àêòèâíîå 
ó÷àñòèå â ïåðåñòðîéêå àêòèíà, ïðîèñõîäÿùåé âî âðåìÿ èíâàçèè 
ñàëüìîíåëë [24]. Ãèäðîëèç Ð1(4,5)Ð2 ïðè îáðàçîâàíèè ñêëàäîê êëåòî÷íîé 
ìåìáðàíû óñèëèâàåò ïîñëåäóþùåå ðàñòâîðåíèå èíâàãèíàöèé 
ïëàçìàëåììû â îêðóæàþùåå áàêòåðèé ïðîñòðàíñòâî âíóòðè çàïå÷àòàííîé 
ôàãîñîìû (SCV) [23]. Íàêîíåö, SopB-çàâèñèìîå îáðàçîâàíèå Ð1(3)Ð íà 
ìåìáðàíå êëåòêè âåäåò ê îáðàçîâàíèþ êðóïíûõ è áîëåå ñòàáèëüíûõ 
ìàêðîïèíîñîì [23] è ñïîñîáñòâóåò ôàãîöèòîçó áàêòåðèé ñ èñïîëüçîâàíèåì 
êëåòî÷íûõ áåëêîâ VAMP8 èç ãðóïïû SNARE [25]. Äðóãîé ýôôåêòîð, 
SopD, êîîïåðèðóåò ñ SopB, ïîìîãàÿ â ðàñùåïëåíèè ìåìáðàíû è 
ôîðìèðîâàíèè ìàêðîïèíîñîì [26]. Êàæäàÿ èç ýòèõ ôóíêöèé, êàê 
ïîëàãàþò, çàâèñèò îò ñèíòåçà ñïåöèôè÷åñêèõ ôîñôàòèäîâ â ìåñòàõ 
ëîêàëèçàöèè SopB, ò.å. ïëàçìå è SCV-ìåìáðàíàõ. Èç ýòîãî ñëåäóåò, ÷òî, 
âîçìîæíî, âíóòðèêëåòî÷íàÿ ëîêàëèçàöèÿ SopB îïðåäåëÿåò åãî 
ñïåöèôè÷íîñòü, ïîñêîëüêó ñóáêëåòî÷íàÿ ëîêàëèçàöèÿ SopB, à òàêæå, 
âîçìîæíî, åãî àêòèâíîñòü êîíòðîëèðóþòñÿ ïðåâðàùåíèÿìè óáèêâèòèíà 
[21]. Âäîáàâîê ê SopB íåñêîëüêî äðóãèõ T3SS-1 è T3SS-2 ýôôåêòîðíûõ 
áåëêîâ ïåðåñåêàþòñÿ ñ óáèêâèòèíîâûìè ïóòÿìè êëåòêè õîçÿèíà.  
T3SS-1-ýôôåêòîð AvrA ÿâëÿåòñÿ ÷ëåíîì ñåìåéñòâà óáèêâèòèíïîäîáíûõ 
àöåòèëòðàíñôåðàçû/ öèñòåèíïðîòåàçû, ñèíòåçèðóåìûõ áàêòåðèàëüíûìè 
ïàòîãåíàìè, âêëþ÷àÿ YopJ - ýôôåêòîð Yersinia. AvrA óäàëÿåò óáèêâèòèí 
èç äâóõ èíãèáèòîðîâ ìåòàáîëè÷åñêîãî ïóòè ÿäåðíîãî ôàêòîðà àêòèâàöèè 
NF-κB, IκBα è áåòà-êàòåíèíà, èíãèáèðóÿ òàêèì îáðàçîì âîñïàëèòåëüíûé 
îòâåò [27] ÷åðåç àêòèâàöèþ ñèãíàëà áåòà-êàòåíèíà [28] è ïðåäîòâðàùåíèå 
àïîïòîçà ýïèòåëèàëüíûõ êëåòîê òîíêîãî êèøå÷íèêà [27]. Íàïðîòèâ, 
äðóãîé ýôôåêòîð, SopA, êîòîðûé ïðèíèìàåò ó÷àñòèå â èíâàçèè [29], 
ÿâëÿåòñÿ îäíèì èç íåñêîëüêèõ áàêòåðèàëüíûõ ôàêòîðîâ, îáëàäàþùèõ 
ÍÅÑÒ-ïîäîáíîé Å3-óáèêâèòèíëèãàçíîé àêòèâíîñòüþ [30].  

Äðóãèìè T3SS-1-ýôôåêòîðàìè, ó÷àñòâóþùèìè â áèîãåíåçå SCV/Sif, 
ÿâëÿþòñÿ òèðîçèíôîñôàòàçà SptP, êîòîðàÿ äåôîñôîðèëèðóåò  
ÀÀÀ + ÀÒÔàçó VÑÐ [31] è òðåáóåòñÿ äëÿ âûêëþ÷åíèÿ îáðàçîâàíèÿ 
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ñêëàäîê ïîñëå èíâàçèè, è SipA, êîòîðûé ïðè÷àñòåí ê ìîðôîëîãèè è 
ïåðèíóêëåàðíîìó ïîçèöèîíèðîâàíèþ SCV, è, êàê ïîêàçàíî, êîîïåðèðóåò 
ñ SPI-2-ýôôåêòîðîì SifÀ [32]. 

Ïîñëå ïîãëîùåíèÿ ñàëüìîíåëë êëåòî÷íûé öèòîñêåëåòîí âîçâðàùàåòñÿ 
ê ñîñòîÿíèþ ïîêîÿ. Ýòî ñîáûòèå ìåäèèðóåòñÿ N-òåðìèíàëüíûì ÃÒÔàçà-
àêòèâèðóþùèì (GAP) äîìåíîì SptP. Ýòî ñòèìóëèðóåò áàçàëüíóþ 
àêòèâíîñòü SopE/SopE2/SopB-àêòèâèðîâàííûõ Cdc42 è Rac-1, ïðèâîäÿ ê 
ñíèæåíèþ èõ àêòèâíîñòè [23]. 

 
Ñîçðåâàíèå è ïåðåíîñ âàêóîëè, ñîäåðæàùåé ñàëüìîíåëëû. Âñëåä çà 

èíòåðíàëèçàöèåé è ôîðìèðîâàíèåì SCV íà åå ïîâåðõíîñòè 
íàêàïëèâàþòñÿ ðàííèå ýíäîñîìàëüíûå êëåòî÷íûå ìàðêåðû, íàïðèìåð, 
òðàíñôåðèíîâûé ðåöåïòîð (TfnR), ðàííèé ýíäîñîìàëüíûé àíòèãåí  
1 (EEA1), è íåñêîëüêî Rab ÃÒÔàç, òàêèõ, êàê Rab4, Rab5 è Rab11, à SCV 
ñîçðåâàåò Rab7-çàâèñèìûì îáðàçîì [33]. Çàòåì ýòè ìàðêåðû áûñòðî 
óäàëÿþòñÿ è ÷åðåç 60-90 ìèí ïîñëå èíâàçèè SCV èíòåíñèâíî îáîãàùàþòñÿ 
ìàðêåðàìè ïîçäíèõ ýíäîñîì è ëèçîñîì, âêëþ÷àÿ Rab7, âàêóîëÿðíóþ 
ÀÒÔàçó (v-ÀÒÔàçà) è ëèçîñîìàëüíûå ìåìáðàííûå ãëèêîïðîòåèíû (lpgs), 
â òîì ÷èñëå LAMP-1 [33,34]. Äëÿ âîâëå÷åíèÿ Rab5 â ñîçðåâàíèå SCV 
òðåáóþòñÿ SopE è èíîçèòîëôîñôàòàçíàÿ àêòèâíîñòü SopÂ, êîòîðûå 
ñâÿçûâàþò ôîñôàòèäèëèíîçèòîë-3-êèíàçó Vps34, íåîáõîäèìóþ äëÿ 
ðåêðóòèðîâàíèÿ LAMP-1 [33]. Â ñâîþ î÷åðåäü, Vps34 ãåíåðèðóåò Ð1(3)Ð 
íà ìåìáðàíå SCV, êîòîðûé íåîáõîäèì äëÿ âêëþ÷åíèÿ â ñèãíàëüíûé ïóòü 
ÅÅÀ [20]. SopÂ òàêæå èíãèáèðóåò ðàçðóøåíèå ðåöåïòîðîâ ýïèäåðìàëüíîãî 
ôàêòîðà ðîñòà (EGFR) ëèçîñîìàìè [35] è âêëþ÷àåò ñîðòèðóþùèé íåêñèí-
1 ôàêòîð (SNX-1), êîòîðûé ïðè÷àñòåí ê óäàëåíèþ ïîçäíèõ 
ýíäîñîìàëüíî/ëèçîñîìàëüíûõ ìàðêåðîâ, òàêèõ, êàê ìàííîçî-6-ôîñôàòíûé 
ðåöåïòîð, ñ ñîçðåâàþùèõ SCV [36]. Ýòè è äðóãèå äàííûå ïðåäïîëàãàþò, 
÷òî SopÂ èãðàåò êëþ÷åâóþ ðîëü â ðåàëèçàöèè ñîáñòâåííîãî, îòëè÷íîãî îò 
ýíäîñîì ïóòè ñîçðåâàíèÿ SCV. Ïîìèìî ýòîãî SopÂ òðåáóåòñÿ äëÿ 
àêòèâàöèè Akt [17], êîòîðûé, â ñâîþ î÷åðåäü, äåàêòèâèðóåò Rab14 GAP, 
ÀS160. Àêòèâèðîâàííûé Rab14 ïîâûøàåò ðåïëèêàöèþ âíóòðèêëåòî÷íûõ 
ñàëüìîíåëë, âîçìîæíî, ïðåïÿòñòâóÿ ñëèÿíèþ SCV è ëèçîñîì. SpiC, êàê 
ïîëàãàþò, òàêæå ïðåäîòâðàùàåò ñëèÿíèå ìàêðîôàãàëüíûõ ïîçäíèõ 
ýíäîñîì/ëèçîñîì ñ SCV [33]. Ýòî ïîçâîëÿåò ñàëüìîíåëëàì èçáåãàòü ãèáåëè 
îò âîçäåéñòâèÿ ôàãîëèçîñîì, ÷òî èãðàåò êëþ÷åâóþ ðîëü â èíâàçèâíîé 
èíôåêöèè. Ïîýòîìó ñïîñîáíîñòü áàêòåðèé âûæèâàòü è ïðîëèôåðèðîâàòü â 
SCV ÿâëÿåòñÿ ãëàâíûì ôàêòîðîì âèðóëåíòíîñòè ñàëüìîíåëë. 

SPI-1-ýôôåêòîð SopÀ, ñòðóêòóðíî è ôóíêöèîíàëüíî íàïîìèíàþùèé 
êëåòî÷íóþ ÍÅÑÒ Å3-óáèêâèòèíëèãàçó [37], ñïîñîáñòâóåò âûõîäó áàêòåðèé 
èç SCV ïîñðåäñòâîì íàðóøåíèÿ åå öåëîñòíîñòè [33]. ×åðåç íåñêîëüêî 
÷àñîâ ïîñëå èíôåêöèè êëåòîê õîçÿèíà F-àêòèíîâàÿ ñåòü ñîáèðàåòñÿ 
âîêðóã ðåïëèêàòèâíîé SCV è ñòàáèëèçèðóåòñÿ ïîä äåéñòâèåì SipA 
[33,38]. Íåñêîëüêî SPI-2-ýôôåêòîðîâ ìîãóò òàêæå ðåãóëèðîâàòü äèíàìèêó 
àññîöèèðîâàííîãî ñ SCV àêòèíà [38]. Â ÷àñòíîñòè, êèíàçà SteC 
ñóùåñòâåííà äëÿ îáðàçîâàíèÿ àññîöèèðîâàííîãî ñ SCV F-àêòèíà [38], â òî 
âðåìÿ êàê SseI è SspH2 ðàñïîëàãàþòñÿ âìåñòå ñ SCV-àññîöèèðîâàííûì F-
àêòèíîì è ñâÿçûâàþò êëåòî÷íûé àêòèí-ïîëèìåðèçóþùèé áåëîê ôèëàìèí 
[39]. Äàëåå, SspH2 âçàèìîäåéñòâóåò ñ êëåòî÷íûì G-àêòèí-ñâÿçûâàþùèì 
áåëêîì ïðîôèëèíîì è ñíèæàåò ñêîðîñòü ïîëèìåðèçàöèè àêòèíà [39]. 
Êîäèðóåìûé ïëàçìèäîé ýôôåêòîð SpvB ADP ðèáîçèëèðóåò ìîíîìåðíûé 
àêòèí, ïðåäîòâðàùàÿ åãî ïîëèìåðèçàöèþ, è èíãèáèðóåò îáðàçîâàíèå 
àññîöèèðîâàííîãî ñ SCV F-àêòèíà [39]. 

Èíâàçèâíàÿ ñàëüìîíåëëåçíàÿ èíôåêöèÿ àññîöèèðîâàíà ñ T3SS-2, 
êîòîðàÿ êîäèðóåòñÿ â ïðåäåëàõ SPI-2. Ãåíû T3SS-2 ýêñïðåññèðóþò òîëüêî 
âíóòðè âíóòðèêëåòî÷íîé SCV. Õîòÿ ðîëè èíäèâèäóàëüíûõ T3SS-2 
ýôôåêòîðîâ îñòàþòñÿ âî ìíîãîì íåîïðåäåëåííûìè, íåêîòîðûå èç íèõ 
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ó÷àñòâóþò â ïîçèöèîíèðîâàíèè SCV è îáðàçîâàíèè Sifs, êîòîðûå 
ðàñïðîñòðàíÿþòñÿ ñ ïîâåðõíîñòè ïîçäíèõ SCVs (≥ 6 ÷ ïîñëå èíôåêöèè) â 
ýïèòåëèàëüíûå êëåòêè. Äðóãèå ãåíû òðåáóþòñÿ äëÿ ôóíêöèîíèðîâàíèÿ 
ñòðóêòóðû T3SS: àïïàðàòà ñåêðåöèè (sscG), ñåêðåöèè ýôôåêòîðîâ 
(sseABCDEF), ñåêðåöèè øàïåðîíîâ (sscAB), ñåêðåöèè ðåãóëÿòîðîâ (ssrAB). 
Ýêñïðåññèÿ ãåíîâ SPI-2 T3SS ðåãóëèðóåòñÿ äâóõêîìïîíåíòíîé 
ðåãóëÿòîðíîé ñèñòåìîé SsrA-SsrB, êîòîðàÿ, â ñâîþ î÷åðåäü, ðåãóëèðóåòñÿ 
âòîðîé äâóõêîìïîíåíòíîé ñèñòåìîé OmpR-EnvZ [40]. Àêòèâèðîâàííûå 
ãåíû â ñîñòàâå T3SS-2-ñèñòåìû ïðèíèìàþò ó÷àñòèå â ïåðåíîñå ýôôåêòîðîâ 
èç öèòîïëàçìû ñàëüìîíåëëû ÷åðåç SCV-ìåìáðàíó ê ìèøåíÿì â êëåòêå-
õîçÿèíå. Ìíîãèå ýôôåêòîðíûå áåëêè T3SS-2 ó÷àñòâóþò â îáðàçîâàíèè è 
ñîõðàíåíèè SCV. Òàê, SseF è SseG òðåáóþòñÿ äëÿ ñîõðàíåíèÿ SCV ïðè 
öåíòðå îðãàíèçàöèè ìèêðîòðóáî÷åê (microtubule-organizing centre, MTOC) 
è âíóòðèêëåòî÷íîé ðåïëèêàöèè [41]. SifÀ íåîáõîäèì äëÿ îáðàçîâàíèÿ Sif. 
Ýòîò ïðîöåññ, î÷åâèäíî, ñâÿçàí ñ èíòåãðàëüíîñòüþ SCV - ìåìáðàí, 
ïîñêîëüêó ìóòàíòû, ëèøåííûå SifÀ, ðàçìíîæàþòñÿ â öèòîçîëå [42]. Äâà 
äðóãèõ T3SS-2-ýôôåêòîðà, PipB2 è SseJ, êîîïåðèðóþò ñ SifÀ ñ 
âîâëå÷åíèåì íåñêîëüêèõ êëåòî÷íûõ áåëêîâ. PipB2 âçàèìîäåéñòâóåò ñ 
ëåãêîé öåïüþ êèíåçèíà, ñóáúåäèíèöåé äâèãàòåëüíîãî êèíåçèí-1-
êîìïëåêñà [43], êîòîðûé ïåðåìåùàåò ìèêðîòðóáî÷êè îò ïîâåðõíîñòè 
ïåðèíóêëåàðíîé SCV ê ïåðèôåðèè êëåòêè-õîçÿèíà [44]. Íåäàâíèå 
èññëåäîâàíèÿ âçàèìîäåéñòâèÿ SifÀ è êëåòî÷íîãî áåëêà SKIP ïîìîãëè 
èäåíòèôèöèðîâàòü ìàëûå ÃÒÔàçû êàê ïîòåíöèàëüíûå ìèøåíè. Òàêèì 
îáðàçîì, SKIP âçàèìîäåéñòâóåò ïðÿìî ñ rab9, ÃÒÔàçîé, ó÷àñòâóþùåé â 
ôóíêöèîíèðîâàíèè è ïîçèöèîíèðîâàíèè ëèçîñîìû è ïîçäíåé ýíäîñîìû, à 
SifÀ ìîæåò çàìåùàòü rab9 â ýòîì êîìïëåêñå [45]. SifÀ ìîæåò òàêæå 
ñâÿçûâàòüñÿ ïðÿìî ñ rab7 è äåéñòâîâàòü êàê çàìåùàþùèé ôàêòîð (GEF) 
äëÿ RhoA, ìàëîé ÃÒÔàçû, àêòèâèðóþùåé â ïðèñóòñòâèè SKIP è T3SS-2-
ýôôåêòîðà SseJ-îáðàçîâàíèå ìèêðîòðóáî÷åê ìåìáðàíû êëåòêè-õîçÿèíà 
[46]. SPI-2 ýôôåêòîð SseJ òðåáóåòñÿ äëÿ ðåàëèçàöèè âèðóëåíòíîñòè ïðè 
ñèñòåìíîé èíôåêöèè ìûøåé è ëîêàëèçàöèè SCV. Ýôôåêòîð îáëàäàåò 
äåàöèëàçíîé àêòèâíîñòüþ in vitro, à âî âðåìÿ ñàëüìîíåëëåçíîé èíôåêöèè 
îí ýñòåðèôèöèðóåò õîëåñòåðîë, âõîäÿùèé â ñîñòàâ SCV-ìåìáðàí. Â 
ýïèòåëèàëüíûõ êëåòêàõ, èíôèöèðîâàííûõ ìóòàíòîì, äåôåêòíûì ïî SseJ, 
íàêîïëåíèå õîëåñòåðîëà âîçðàñòàåò ïî ñðàâíåíèþ ñ êëåòêàìè, 
èíôèöèðîâàííûìè äèêèì òèïîì áàêòåðèé, è ýòî ñâÿçàíî ñ óìåíüøåíèåì 
âíóòðèêëåòî÷íîé ðåïëèêàöèè [47]. Èíòåðåñíî, ÷òî â êëåòêàõ ñ àíîìàëüíî 
âûñîêèì óðîâíåì õîëåñòåðîëà ñîäåðæàíèå rab9 ñíèæàåòñÿ, ÷òî ïðèâîäèò 
ê íàðóøåíèÿì ìåìáðàííîãî òðàíñïîðòà [48]. Ýôôåêòîð îáëàäàåò òàêæå 
ôîñôîëèïàçíîé À-àêòèâíîñòüþ [49]. 

Òðè T3SS-2-ýôôåêòîðà èíòåðôåðèðóþò ñ óáèêâèòèíîâûìè ïóòÿìè 
êëåòêè-õîçÿèíà [50]. SspH 1 è SspH 2 ÿâëÿþòñÿ ÷ëåíàìè ñåìåéñòâà 
óáèêâèòèí-Å3-ëèãàç, îáíàðóæåííûõ â ïàòîãåííûõ áàêòåðèÿõ, âêëþ÷àÿ 
øèãåëëû è èåðñèíèè [50]. Ôóíêöèÿ ýòèõ äâóõ áëèçêèõ ãîìîëîãîâ 
îñòàåòñÿ íåèçâåñòíîé, õîòÿ SspH 2 ëîêàëèçóåòñÿ âìåñòå ñ àêòèíîì âîêðóã 
SCV [39]. SseL ÿâëÿåòñÿ äåóáèêâèòèíàçîé òèïà AvrA, îí èíãèáèðóåò  
NF-κB, ñóïðåññèðóåò óáèêâèòàöèþ êèíàçû IκBα è ìîäóëèðóåò 
âðîæäåííûå èììóííûå îòâåòû, óáèâàÿ ìàêðîôàãè [51]. 

 
Ïåðåìåùåíèå SCV è îáðàçîâàíèå ñàëüìîíåëëà-èíäóöèðîâàííûõ 

ôèëàìåíòîâ (Sifs). Âî âðåìÿ ñîçðåâàíèÿ SCV ìèãðèðóåò îò ïåðèôåðèè 
êëåòêè ê ïåðèíóêëåàðíîé îáëàñòè êëåòêè-õîçÿèíà, èñïîëüçóÿ 
âçàèìîäåéñòâóþùèé ñ Rab7 ëèçîñîìàëüíûé áåëîê (RILP), êîòîðûé, â 
ñâîþ î÷åðåäü, àññîöèèðîâàí ñ ìèêðîòóáóëÿðíûì ìîòîðîì – äèíåèíîì 
[52,53]. Íàõîæäåíèå SCV â ïåðèíóêëåàðíîì ðåãèîíå ïîáëèçîñòè îò MTOC 
âàæíî äëÿ áàêòåðèàëüíîé ðåïëèêàöèè [41,54]. Áëèçîñòü SCV ê àïïàðàòó 
Ãîëüäæè ñïîñîáñòâóåò âîçäåéñòâèþ íà òðàíñïîðòíûå âåçèêóëû. Äëÿ 
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ïåðåàäðåñîâêè òðàíñïîðòíûõ âåçèêóë ê SCV òðåáóþòñÿ SifÀ, SseG è SseF. 
SseG è SseF óäåðæèâàþò SCV â ïåðèíóêëåàðíîé îáëàñòè, îáðàçóÿ 
ôóíêöèîíàëüíûé êîìïëåêñ [55], êîòîðûé ïðèâÿçûâàåò SCV ê àïïàðàòó 
Ãîëüäæè èëè óïðàâëÿþò àêòèâíîñòüþ äèíåèíà [56]. Íàïðîòèâ, SifÀ 
ñâÿçûâàåò êëåòî÷íûé áåëîê SKIP (SifÀ è êèíåçèí-âçàèìîäåéñòâóþùèé 
áåëîê), ñíèæàÿ àêòèâíîñòü PipB2-èíäóöèðîâàííîãî ïðèâëå÷åíèÿ 
äâèãàòåëüíîãî êèíåçèíà ìèêðîòðóáî÷åê ê SCV [57]. Ýôôåêòèâíîå 
ïðèñîåäèíåíèå SifÀ ê SCV ìåäèèðóåòñÿ SPI-1-ýôôåêòîðîì SiðÀ [58]. Äëÿ 
óäåðæàíèÿ SCV â ïåðèíóêëåàðíîé îáëàñòè êëåòêè òðåáóåòñÿ òàêæå SopÂ-
ìåäèèðîâàííîå ôîñôîðèëèðîâàíèå ñâÿçàííîé ñ àêòèíîì ëåãêîé öåïè 
ìîòîðíîãî ìèîçèíà ²² (MLC) ÷åðåç ñèãíàëüíûé ïóòü Rho/ROCK/MLC [59].  

Âñëåä çà ïîçèöèîíèðîâàíèåì SCV íà÷èíàåòñÿ ðåïëèêàöèÿ áàêòåðèé. 
Íà÷àëî âíóòðèêëåòî÷íîé ðåïëèêàöèè â íåêîòîðûõ òèïàõ êëåòîê 
ñîïðîâîæäàåòñÿ ïîÿâëåíèåì îáîãàùåííûõ LAMP ñïåöèàëèçèðîâàííûõ 
òóáîâåçèêóëÿðíûõ ñòðóêòóð – ôèëàìåíòîâ (Sifs), èñõîäÿùèõ èç SCV-ñåòè 
äèíàìè÷åñêèõ ìåìáðàííûõ òðóáî÷åê [60]. Êàê ïîëàãàþò, îáðàçîâàíèå Sifs 
ÿâëÿåòñÿ ðåçóëüòàòîì ðàñùåïëåíèÿ SCV ïîñðåäñòâîì ïîçäíèõ 
ýíäîñîì/ëèçîñîì, äëÿ ÷åãî íåîáõîäèì ýôôåêòîð SifÀ [33]. Åãî âðåìåííàÿ 
ñóïåðýêñïðåññèÿ äîñòàòî÷íà, ÷òîáû èíäóöèðîâàòü íàáóõàíèå è àãðåãàöèþ 
ïîçäíèõ ýíäîñîì è ôîðìèðîâàíèå Sif-ïîäîáíûõ ñòðóêòóð â æèâîòíûõ 
êëåòêàõ [33]. Ïîêàçàíî, ÷òî ýôôåêòîð SifÀ âçàèìîäåéñòâóåò ñ Rab7 è 
ñïîñîáñòâóåò ðàñøèðåíèþ ñåòè Sif ïîñðåäñòâîì îòäåëåíèÿ Rab7 îò RILP, 
ïðåïÿòñòâóÿ ïðèâëå÷åíèþ äèíåèíà ê Sifs [56]. Êîäèðóåìûé SPI-2 
ýôôåêòîð PipB2 òàêæå ñïîñîáñòâóåò ðàñøèðåíèþ ñåòè Sif â îñíîâíîì çà 
ñ÷åò ïðÿìîãî âçàèìîäåéñòâèÿ ñ êèíåçèíîì-1 [57]. SseG è SseF óñèëèâàåò 
îáðàçîâàíèå Sif, ìîäóëèðóÿ àãðåãàöèþ ýíäîñîìàëüíîãî êîìïàðòìåíòà. 
Ìóòàíòû ñàëüìîíåëëû, íå èìåþùèå sseG, sseF, èëè äðóãîé SPI-2-
ýôôåêòîðíûé ãåí, sopD2, èíäóöèðóþò ñëàáîå îáðàçîâàíèå Sifs ïî 
ñðàâíåíèþ ñ äèêèì òèïîì áàêòåðèé, íî ôîðìèðóþò áîëüøåå ÷èñëî 
ôèëàìåíòíûõ àãðåãàòîâ ñ ïóíêòèðíûì ðàñïðåäåëåíèåì LAMP-1 â 
èíôèöèðîâàííûõ êëåòêàõ. Íàïðîòèâ, SseJ è SpvB ÿâëÿþòñÿ 
àíòàãîíèñòàìè îáðàçîâàíèÿ Sif. Ìóòàöèè â ýòèõ ãåíàõ óâåëè÷èâàþò ÷èñëî 
Sifs [56]. Ýêñïðåññèÿ SseJ-ôàêòîðà ïðèâîäèò òàêæå ê ïîòåðå öåëîñòíîñòè 
SCV.  

 
Ìîäóëèðîâàíèå âðîæäåííîãî èììóííîãî îòâåòà è ñìåðòü êëåòêè-

õîçÿèíà. Îäíèì èç ãëàâíûõ êëèíè÷åñêèõ ïðèçíàêîâ ñàëüìîíåëëåçíîé 
èíôåêöèè ÿâëÿåòñÿ äèàðåÿ, êîòîðàÿ âûçûâàåòñÿ ïåðåíåñåííûìè 
ïîñðåäñòâîì T3SS áåëêàìè. SopB èãðàåò âàæíóþ ðîëü â àêòèâàöèè 
ñåêðåòîðíîãî ïóòè ïðèâëå÷åíèÿ íåéòðîôèëîâ ê ìåñòàì èíôåêöèè è 
èçìåíåíèè èîííîãî áàëàíñà â êëåòêàõ. SPI-1-ýôôåêòîðû äîïîëíèòåëüíî 
èíäóöèðóþò îñòðîå êèøå÷íîå âîñïàëåíèå. Ñòèìóëÿöèÿ Cdc42 ïîä 
äåéñòâèåì SopE/SopE2, SopB âî âðåìÿ èíâàçèè ñàëüìîíåëë âåäåò ê 
çàâèñèìîé îò Raf1 èíäóêöèè Erk, Jnk è p38 ìèòîãåí-àêòèâèðîâàííûõ 
ïðîòåèíêèíàçíûõ (ÌÀÐÊ) ïóòåé è ïîñëåäóþùåé àêòèâàöèè ôàêòîðîâ 
òðàíñêðèïöèè ÀÐ-1 è NF-κB [23,24]. Ýòî ïðèâîäèò ê âûñâîáîæäåíèþ 
ïðîâîñïàëèòåëüíûõ öèòîêèíîâ, âêëþ÷àÿ IL-8, ïðèâëå÷åíèþ 
ïîëèìîðôíîÿäåðíûõ ëåéêîöèòîâ (ÏÌßË). Îäíîâðåìåííî N-
òåðìèíàëüíûé ðåãèîí SipA âêëþ÷àåò íîâûå ñèãíàëüíûå êàñêàäû Arf6 è 
ôîñôîëèïàçû D, êîòîðûå àêòèâèðóþò ïðîòåèíêèíàçó Ñα, ÷òî ïðèâîäèò ê 
àïèêàëüíîé ñåêðåöèè ìîùíîãî ÏÌßË õåìîàòòðàêòàíòà – ãåïîêñèëèíà À3 
[17]. Îí ñïîñîáñòâóåò òðàíñìèãðàöèè ÏÌßË ÷åðåç ýïèòåëèé â ïðîñâåò 
êèøå÷íèêà, êîòîðàÿ, âîçìîæíî, óñèëèâàåòñÿ Å3-óáèêâèòèíëèãàçíîé 
àêòèâíîñòüþ SopÀ [61]. Òðàíñìèãðàöèÿ ÏÌßË ñïîñîáñòâóåò 
ðàñïðîñòðàíåíèþ ñàëüìîíåëë ôåêàëüíî-îðàëüíûì ïóòåì. Ïðîäóêöèÿ 
Ins(1,4,5,6)P4 ÷åðåç SopB-èíîçèòîëôîñôàòàçíóþ àêòèâíîñòü òàêæå âíîñèò 
âêëàä â èíäóêöèþ äèàðåè, óñèëèâàÿ ñåêðåöèþ êëåòî÷íûõ èîíîâ õëîðà è 
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èñòå÷åíèå æèäêîñòè [17,23]. Íàðóøåíèå òåñíîãî êîíòàêòà ýïèòåëèàëüíûõ 
êëåòîê, êîòîðûé îáåñïå÷èâàåòñÿ SopE/SopE2, SopB è SipA, òàêæå 
ñîäåéñòâóåò èñòå÷åíèþ æèäêîñòè è òðàíñìèãðàöèè ÏÌßË [62], â òî 
âðåìÿ êàê äðóãîé SPI-1-ýôôåêòîð, AvrA, ïðîòèâîäåéñòâóåò ýòîé 
àêòèâíîñòè [63]. 

Âîñïàëèòåëüíûé ýôôåêò äàëåå óñèëèâàåòñÿ ãèáåëüþ ìàêðîôàãîâ, 
êîòîðàÿ èíäóöèðóåòñÿ ýôôåêòîðàìè. Êàê ïîëàãàþò, ýòî ÿâëÿåòñÿ 
ñëåäñòâèåì ïðÿìîé àêòèâàöèè êàñïàçû-1 SipÂ, ÷òî âûçûâàåò 
âûñâîáîæäåíèå ïðîâîñïàëèòåëüíûõ öèòîêèíîâ [17]. Ýòîò ïðîöåññ çàâèñèò 
òàêæå îò ïîñòóïëåíèÿ ôëàãåëëèíà â öèòîçîëü ìàêðîôàãà, âîçìîæíî, 
÷åðåç SPI-1 T3SS [64]. SipB âêëþ÷àåò òàêæå êàñïàçà-1-íåçàâèñèìûé ïóòü 
êëåòî÷íîé ñìåðòè [17,63]. Íàêîíåö, SpvB è SseL èíäóöèðóþò áîëåå 
ìåäëåííûé SPI-2-çàâèñèìûé ïóòü êëåòî÷íîé ñìåðòè [65]. 

Ñàëüìîíåëëà âûðàáàòûâàåò ýôôåêòîðû, ïîäàâëÿþùèå êëåòî÷íûå 
èììóííûå îòâåòû. SptP GAP è òèðîçèíôîñôàòàçà ó÷àñòâóþò â ðåâåðñèè 
àêòèâàöèè ÌÀÐÊ, à AvrA-àöåòèëòðàíñôåðàçíàÿ àêòèâíîñòü ñîâìåñòíî ñ 
ÌÀÐÊ-êèíàçàìè ïðåäîòâðàùàþò àêòèâàöèþ Jnk [27]. SpvC òàêæå ïðÿìî 
èíãèáèðóåò Erk, Jnk è p38 MAPK ÷åðåç ñâîþ ôîñôîòðåîíèíëèàçíóþ 
àêòèâíîñòü [66]. Íàêîíåö, ñàëüìîíåëëà ïîäàâëÿåò ÿäåðíûé ôàêòîð 
òðàíñêðèïöèè: êîäèðóåìàÿ SPI-2 äåóáèêâèòàçà SseL ïîäàâëÿåò àêòèâàöèþ 
NF-κB, îñëàáëÿÿ óáèêâèòàöèþ è äåãðàäàöèþ IκBα [51]. AvrA îáëàäàåò 
ïîäîáíîé àêòèâíîñòüþ [67]. Âäîáàâîê SspH1 èíãèáèðóåò NF-κB-çàâèñèìóþ 
ýêñïðåññèþ ãåíîâ ÷åðåç óáèêâèòèíèðîâàíèå êëåòî÷íîé êèíàçû PKN1 [68]. 

Ñèñòåìíàÿ ñàëüìîíåëëåçíàÿ èíôåêöèÿ ñâÿçàíà ñ íàëè÷èåì ñàëüìîíåëë 
â èììóííûõ êëåòêàõ, òàêèõ, êàê ìàêðîôàãè è ÄÊ, êóäà îíè ìîãóò áûòü 
ïåðåíåñåíû èç êèøå÷íîãî òðàêòà. ÄÊ ÿâëÿþòñÿ âàæíûìè ìèãðèðóþùèìè 
ôàãîöèòàìè, êîòîðûå øèðîêî ðàñïðåäåëåíû âî âñåì òåëå â ëèìôîèäíûõ è 
íåëèìôîèäíûõ òêàíÿõ. Ñïîñîáíîñòü ÄÊ ìèãðèðîâàòü ïî âñåìó òåëó 
ïîòåíöèàëüíî ñïîñîáñòâóåò ðàñïðîñòðàíåíèþ ñàëüìîíåëë â îðãàíèçìå. 
Âíóòðè ÄÊ ñàëüìîíåëëû íå ðåïëèöèðóþò, íî ñîõðàíÿþò 
æèçíåñïîñîáíîñòü â âèäå íåáîëüøèõ êîëîíèé. Ãåíû, ëîêàëèçîâàííûå â 
ïðåäåëàõ SPI-2 T3SS, ñóïðåññèðóþò ïðåçåíòàöèþ àíòèãåíîâ äåíäðèòíûìè 
êëåòêàìè, ÷òî îãðàíè÷èâàåò èíòåíñèâíîñòü èììóííîãî îòâåòà íà 
èíôèöèðîâàííûå êëåòêè, è âíîñÿò âàæíåéøèé âêëàä â ñèñòåìíóþ 
èíôåêöèþ. Êîìáèíàöèÿ ñíèæåííîé ìåòàáîëè÷åñêîé àêòèâíîñòè è 
èììóíîñóïðåññèè ïðèâîäèò, çà÷àñòóþ, ê ïåðñèñòåíöèè ñàëüìîíåëë â 
êëåòêàõ õîçÿèíà. Ïðè êîíòàêòå èíôèöèðîâàííûõ ìàêðîôàãîâ èëè ÄÊ ñ 
íåèíôèöèðîâàííûìè êëåòêàìè ñàëüìîíåëëû ìîãóò ïåðåìåùàòüñÿ â 
ïðèìûêàþùèå êëåòêè è âêëþ÷àòü àïîïòîç.  

 
Äåòåðìèíàíòû âèðóëåíòíîñòè ñàëüìîíåëë, âëèÿþùèå íà èõ 

âíóòðèêëåòî÷íóþ âûæèâàåìîñòü. Âäîáàâîê ê âèðóëåíòíûì ôàêòîðàì, 
ëîêàëèçîâàííûì â ïðåäåëàõ SPI-1 è SPI-2 T3SS, ó ñàëüìîíåëë èìåþòñÿ è 
äðóãèå ôàêòîðû, òàêèå, êàê ôèìáðèè, ôëàãåëëû è ñèñòåìû òðàíñïîðòà 
èîíîâ, êîòîðûå èãðàþò âàæíóþ ðîëü â óñòàíîâëåíèè è ñîõðàíåíèè 
âíóòðèêëåòî÷íîé íèøè. Ãåíû ìíîãèõ èç ýòèõ ôàêòîðîâ íàõîäÿòñÿ íà 
ïëàçìèäàõ. 

Æãóòèêè (ôëàãåëëû). Ñâÿçàííàÿ ñ ôëàãåëëàìè ïîäâèæíîñòü 
ïîâûøàåò èíâàçèâíîñòü ñàëüìîíåëë [69]. Ñòðóêòóðà ôëàãåëë âêëþ÷àåò 
áàçàëüíîå òåëî, êðþê è ôèëàìåíòû. Â ñàëüìîíåëëàõ ôîðìèðîâàíèå 
æãóòèêîâ êîíòðîëèðóþò ñâûøå 50 ãåíîâ. Ýêñïðåññèÿ ýòèõ ãåíîâ 
îðãàíèçîâàíà â òðè óðîâíÿ. Íà âåðøèíå èåðàðõèè íàõîäèòñÿ îïåðîí 1-ãî 
êëàññà flhDC, êîòîðûé íåîáõîäèì äëÿ ýêñïðåññèè âñåõ ãåíîâ 
ôëàãåëëÿðíîãî êàñêàäà. Ðÿä ãëîáàëüíûõ ðåãóëÿòîðíûõ ôàêòîðîâ âëèÿþò 
íà ýêñïðåññèþ flhDC. Îïåðîíû êëàññà 2 ñîäåðæàò ãåíû, êîäèðóþùèå 
ñòðóêòóðíûå áåëêè æãóòèêîâ è íåñêîëüêî ðåãóëÿòîðíûõ áåëêîâ, à òàêæå 
êîìïîíåíòû ôëàãåëëà-ñïåöèôè÷åñêîãî T3SS-ýêñïîðòíîãî ìåõàíèçìà. 
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Ãåíû îïåðîíîâ 3-ãî êëàññà ó÷àñòâóþò â îáðàçîâàíèè ôèëàìåíòîâ, 
âðàùåíèè æãóòèêîâ è õåìîòàêñèñå [70]. Îñíîâíîé áåëîê ôèëàìåíòîâ, 
ôëàãåëëèí, ñóùåñòâóåò â äâóõ àíòèãåííî ðàçëè÷íûõ ôîðìàõ, êîäèðóåìûõ 
ãåíàìè fliB fliC [70]. Îí ïåðåíîñèòñÿ èç öèòîïëàçìû â áàçàëüíîå òåëî 
ïîñðåäñòâîì ôëàãåëëèí-ñïåöèôè÷åñêîé T3SS-1. Òàì îí äàëåå 
ïîëèìåðèçóåòñÿ ïðè ïîìîùè êýï-áåëêà FliD [70]. Â òî æå âðåìÿ 
ôëàãåëëèíîâûå ìîíîìåðû ÿâëÿþòñÿ ìîùíûìè èíäóêòîðàìè âðîæäåííîãî 
èììóíèòåòà [71]. FliC àêòèâèðóåò ïóòü ïåðåäà÷è ñèãíàëà ÷åðåç Toll-
ïîäîáíûå ðåöåïòîðû 5 (TLR5), ÷òî ïðèâîäèò ê àêòèâàöèè èíôëàììîñîìû 
è ìåäèèðîâàííîé êàñïàçîé-1 êëåòî÷íîé ñìåðòè [72,73]. Â êèøå÷íîì 
ýïèòåëèè ôëàãåëëèí èíäóöèðóåò âîñïàëåíèå, èíãèáèðóÿ â òî æå âðåìÿ 
àïîïòîç ÷åðåç TLR5, íî ôëàãåëëèí äîëæåí áûòü ïåðåíåñåí â 
áàçîëàòåðàëüíóþ ÷àñòü ýïèòåëèàëüíûõ êëåòîê, ïîñêîëüêó ýòîò áåëîê íå 
ýêñïðåññèðóåò íà àïèêàëüíîé ïîâåðõíîñòè [74]. Ôëàãåëëû îáû÷íî 
èíãèáèðîâàíû âíóòðè êëåòîê, õîòÿ ïðåäïîëàãàåòñÿ, ÷òî âíóòðè 
ìàêðîôàãîâ îíè ìîãóò áûòü èíäóöèðîâàíû ÷åðåç T3SS-1 è èñïîëüçîâàíû 
äëÿ óñêîëüçàíèÿ ñàëüìîíåëë îò âîçäåéñòâèÿ êëåòîê õîçÿèíà [75]. 

Ïëàçìèäû âèðóëåíòíîñòè. Èçâåñòíî, ÷òî ïëàçìèäû ìîãóò ïåðåíîñèòü 
êëàñòåðû ãåíîâ, îáåñïå÷èâàþùèõ ñåëåêòèâíûå ïðåèìóùåñòâà ñâîèì 
õîçÿåâàì, òàêèå, êàê âèðóëåíòíîñòü èëè óñòîé÷èâîñòü ê 
àíòèáàêòåðèàëüíûì ïðåïàðàòàì. Î÷åíü ìíîãèå øòàììû ñàëüìîíåëë 
ëèøåíû ïëàçìèä âèðóëåíòíîñòè, îäíàêî íàèáîëåå âàæíûå äëÿ çäîðîâüÿ 
ëþäåé ñåðîâàðû, âêëþ÷àÿ S.typhimurium è enteritidis, èìåþò òàêèå 
ïëàçìèäû. Ýòè ïëàçìèäû íåñóò ãåíåòè÷åñêèé ëîêóñ, ñîäåðæàùèé ãåíû 
spvRABCD. Äâà ãåíà, spvB è spvC, êîäèðóþò ãëàâíûå ïëàçìèäíûå 
ôàêòîðû âèðóëåíòíîñòè, ñâÿçàííûå ñ ñåðîâàðîì Salmonella typhimurium. 
Îíè ïåðåíîñÿòñÿ â êëåòêè õîçÿèíà ÷åðåç T3SS-2 [66]. SpvB ADP 
ðèáîçèëèðóåò àêòèí, äåñòàáèëèçèðóåò öèòîñêåëåòîí è ñâÿçàí ñ 
öèòîòîêñè÷íîñòüþ êëåòîê õîçÿèíà [65]. SpvC îáëàäàåò 
ôîñôîòðåîíèíëèàçíîé àêòèâíîñòüþ è ìîæåò èíàêòèâèðîâàòü 
ñòèìóëèðîâàííûå ìèòîãåíîì ïðîòåèíêèíàçû Erk1/2, JNK è p38 â 
êëåòêàõ ìëåêîïèòàþùèõ [66]. Äðóãèå ãåíû, ðàñïîëîæåííûå íà ïëàçìèäå 
âèðóëåíòíîñòè, êîäèðóþò ôèìáðèè (pefABCDI) è ðåçèñòåíòíîñòü ê 
ñûâîðîòêå (traT). Áîëüøèíñòâî âèðóëåíòíûõ ïëàçìèä íå ñïîñîáíû ê 
ñàìîïåðåíîñó â äðóãèå áàêòåðèè, õîòÿ íåêîòîðûå èç íèõ ñîäåðæàò ïîëíûé 
êîìïëåêò òðàíñïîðòíûõ ãåíîâ (tra), îáåñïå÷èâàþùèõ òàêóþ âîçìîæíîñòü 
ïóòåì êîíúþãàöèè, ÷òî ïðèâîäèò ê ïîâûøåíèþ âèðóëåíòíîñòè øòàììà-
ðåöèïèåíòà. Ïëàçìèäû ÿâëÿþòñÿ âûñîêîêîíñåðâàòèâíûì ãåíåòè÷åñêèì 
îáðàçîâàíèåì, ÷òî ïðèäàåò øòàììàì-íîñèòåëÿì çíà÷èòåëüíûå 
ïðåèìóùåñòâà.  

Ñóïåðîêñèä äèñìóòàçà. Ìíîãèå êëåòêè õîçÿèíà ïðîäóöèðóþò 
âûñîêîðåàêòèâíûå äåðèâàòû êèñëîðîäà â îñíîâíîì áëàãîäàðÿ àêòèâíîñòè 
ôàãîñîìàëüíîé NADPH-îêñèäàçû (NOX2). Ýòè ôîðìû êèñëîðîäà 
íåîáõîäèìû äëÿ óíè÷òîæåíèÿ âíóòðèêëåòî÷íûõ ïàòîãåíîâ. ×òîáû 
ïðîòèâîñòîÿòü ýòîé àêòèâíîñòè, ñàëüìîíåëëû èñïîëüçóþò 
ñóïåðîêñèääèñìóòàçó, SodCI. Ýòîò ñâÿçàííûé ñ ïåðèïëàçìîé ôåðìåíò 
îáëàäàåò óñòîé÷èâîñòüþ ê ïðîòåàçàì, ÷òî ïîçâîëÿåò åìó ôóíêöèîíèðîâàòü 
â ñóðîâûõ óñëîâèÿõ ôàãîñîìû [76].  

Òðàíñïîðò èîíîâ. Â ýóêàðèîòè÷åñêîì õîçÿèíå äîñòóïíîñòü æåëåçà 
îãðàíè÷åíà âñëåäñòâèå àêòèâíîñòè æåëåçîñâÿçûâàþùèõ áåëêîâ, òàêèõ, 
êàê òðàíñôåðèí è Nramp 1/Slc11A1, äèâàëåíòíîãî ìåòàëëîïðîòîíîâîãî 
èìïîðòåðà, íàõîäÿùåãîñÿ â ìàêðîôàãàõ, íåéòðîôèëàõ è ÄÊ [77]. ×òîáû 
ïðåîäîëåòü ýòî îãðàíè÷åíèå, ñàëüìîíåëëû â îòâåò íà íåõâàòêó æåëåçà 
ïðîäóöèðóþò äâà ñèäåðîôîðà, ýíòåðîáàêòèí è ñàëüìîõåëèí [78]. 
Ñàëüìîõåëèí – ýòî ãëèêîçèëèðîâàííîå ïðîèçâîäíîå ýíòåðîáàêòèíà. Ýòà 
ìîäèôèêàöèÿ ìîæåò áûòü âàæíîé äëÿ óñòîé÷èâîñòè ê ëèïîêàëèíó-2, 
ïðîòèâîìèêðîáíîìó áåëêó, êîòîðûé ïðåäîòâðàùàåò íàêîïëåíèå æåëåçà 
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áàêòåðèÿìè â èíôèöèðîâàííîì êèøå÷íîì ýïèòåëèè [79]. Íåäàâíèå 
èññëåäîâàíèÿ ïîêàçàëè, ÷òî SCVs â ìàêðîôàãàõ ñîäåðæèò äîñòàòî÷íî 
æåëåçà äëÿ ïîääåðæàíèÿ àêòèâíîñòè îòâå÷àþùèõ íà ýòîò ìåòàëë 
ïðîìîòîðîâ íåçàâèñèìî îò Nramp 1 [80]. Îäíàêî âîçìîæíî, ÷òî 
ïîòðåáíîñòü â æåëåçå ìîæåò èçìåíÿòüñÿ ïðè ðàçëè÷íûõ óñëîâèÿõ, 
íàïðèìåð, ïðè ëå÷åíèè èíòåðôåðîíàìè [81]. Ñðàâíåíèå ìóòàíòíûõ 
øòàììîâ S.typhimurium, íå èìåþùèõ ïåðåíîñ÷èêîâ æåëåçà, êîäèðóåìûõ 
feoB èëè sitABCD, ïîêàçàëî, ÷òî îíè îáà òðåáóþòñÿ äëÿ âûæèâàíèÿ â 
Nramp 1-íåãàòèâíûõ (–/–) ìûøàõ è ðåïëèêàöèè â ìàêðîôàãàõ, è ÷òî 
ãîìîëîã Nramp 1 MntH, êîòîðûé ïðåäïî÷èòàåò ìàðãàíåö æåëåçó, òàêæå 
òðåáóåòñÿ äëÿ îïòèìàëüíîé âèðóëåíòíîñòè [82]. 

Ñàëüìîíåëëû èìåþò òðè ðàçíûå ñèñòåìû äëÿ äîñòàâêè ìàãíèÿ: CorA, 
MgtA è MgtB, êàæäàÿ èç êîòîðûõ íåîáõîäèìà äëÿ ðåàëèçàöèè 
âèðóëåíòíîñòè [83]. Åùå îäèí ôàêòîð âèðóëåíòíîñòè, MgtÑ, êîäèðóåòñÿ 
òåì æå ñàìûì îïåðîíîì, ÷òî è MgtB. Â òî æå âðåìÿ îáåñïå÷åíèå ìàãíèåì 
íåîáÿçàòåëüíî äëÿ âûæèâàíèÿ ñàëüìîíåëë â ìàêðîôàãàõ è ðîñòà â 
ëèøåííîé ìàãíèÿ ñðåäå [84].  

Äâà äðóãèõ ìåòàëëîèîíà, êîòîðûå èìåþò îòíîøåíèå ê 
âíóòðèêëåòî÷íîìó âûæèâàíèþ ñàëüìîíåëë, – êàëèé è öèíê. 
Âûñîêîàôôèííàÿ ZnuABC ñèñòåìà òðàíñïîðòà Zn2+ íåîáõîäèìà äëÿ ðîñòà 
ñàëüìîíåëë â äåôèöèòíîé ïî öèíêó ñðåäå, à ìóòàíòû ïî ZnuABC òåðÿþò 
âèðóëåíòíîñòü ïî îòíîøåíèþ êàê ê ÷óâñòâèòåëüíûì, òàê è ðåçèñòåíòíûì 
øòàììàì ìûøåé [85].  

Áàêòåðèè ïîääåðæèâàþò îòíîñèòåëüíî ñòàáèëüíîé êîíöåíòðàöèþ 
âíóòðèêëåòî÷íîãî êàëèÿ (300-500 ìÌ), êîòîðàÿ íåîáõîäèìà äëÿ 
âûïîëíåíèÿ ìíîãèõ ñóùåñòâåííûõ æèçíåííûõ ôóíêöèé, âêëþ÷àÿ 
ïîääåðæàíèå êëåòî÷íîãî òóðãîðà è ãîìåîñòàçà, àêòèâàöèþ 
öèòîïëàçìàòè÷åñêèõ ôåðìåíòîâ. Ïîñêîëüêó áàêòåðèè ïîäâåðãàþòñÿ 
âîçäåéñòâèþ øèðîêîãî äèàïàçîíà âíåøíèõ êîíöåíòðàöèé êàëèÿ, îíè 
èñïîëüçóþò ðÿä ïåðåíîñ÷èêîâ è ýôëþêñ-íàñîñîâ äëÿ ñòàáèëèçàöèè 
âíóòðèêëåòî÷íîé êîíöåíòðàöèè êàëèÿ. Íàèáîëåå õîðîøî èçó÷åíû ó ãðàì-
íåãàòèâíûõ áàêòåðèé òðàíñïîðòíûå ñèñòåìû Trk, Kdp è Kup. Trk – ýòî 
íèçêîàôôèííàÿ òðàíñïîðòíàÿ ñèñòåìà, ïåðåíîñèò êàëèé ïðè íåéòðàëüíûõ 
è ùåëî÷íûõ çíà÷åíèÿõ ðÍ [86]. Ãåííûå ïðîäóêòû ýòîãî 
ìóëüòèåäèíè÷íîãî êîìïëåêñà ýêñïðåññèðóþò êîíñòèòóòèâíî. Kdp – 
âûñîêîàôôèííàÿ òðàíñïîðòíàÿ ñèñòåìà, êîòîðàÿ èíäóöèðóåòñÿ ïðè 
íèçêèõ (≤ 5 ìÌ) êîíöåíòðàöèÿõ Ê+ â ñðåäå. Kup-ñèñòåìà òàêæå èìååò 
íèçêèé àôôèíèòåò ê Ê+ è îñóùåñòâëÿåò åãî òðàíñïîðò ïðè êèñëûõ 
çíà÷åíèÿõ ñðåäû. Ïîêàçàíî, ÷òî trkA (sapG), êîòîðûé êîäèðóåò 
ñóùåñòâåííóþ ñâÿçûâàþùóþ NAD+ ñóáúåäèíèöó Trk-ñèñòåìû, íåîáõîäèì 
äëÿ óñòîé÷èâîñòè ê àíòèìèêðîáíûì ïåïòèäàì [86]. Trk ó÷àñòâóåò â 
ýêñïðåññèè è ñåêðåöèè ýôôåêòîðíûõ áåëêîâ T3SS-ñèñòåìû, êîòîðàÿ 
êîäèðóåòñÿ â ïðåäåëàõ SPI-1 è êîòîðàÿ íåîáõîäèìà äëÿ âíåäðåíèÿ 
ñàëüìîíåëë â êëåòêè ýïèòåëèÿ êèøå÷íèêà. Áîëåå òîãî, âíåøíèé êàëèé 
ìîäóëèðóåò ïàòîãåííûå ñâîéñòâà ñàëüìîíåëë ïóòåì ïîâûøåíèÿ 
ýêñïðåññèè è ñåêðåöèè ýôôåêòîðíûõ áåëêîâ T3SS-ñèñòåìû è ïóòåì 
ïîâûøåíèÿ èíâàçèè ýïèòåëèàëüíûõ êëåòîê. Òàêèì îáðàçîì, êàëèé 
àêòèâíî âîâëå÷åí â ïàòîãåíåç ñàëüìîíåëëåçà, à áàêòåðèè ïðèîáðåòàþò 
ïðåèìóùåñòâî è ñòàíîâÿòñÿ áîëåå âèðóëåíòíûìè ïðè âûñîêîé 
êîíöåíòðàöèè êàëèÿ âíóòðè êëåòêè è êèøå÷íîé æèäêîñòè, ÷òî ÿâëÿåòñÿ 
îáû÷íûì ñëåäñòâèåì äèàðåè [86]. 

 
ÇÀÊËÞ×ÅÍÈÅ 

Çà ïîñëåäíèå 20 ëåò äîñòèãíóò ñóùåñòâåííûé ïðîãðåññ â èçó÷åíèè 
âçàèìîäåéñòâèÿ ñàëüìîíåëë ñ êëåòêîé-õîçÿèíîì. Ïàòîãåíåç 
ñàëüìîíåëëåçà îñóùåñòâëÿåòñÿ ïóòåì äîñòàâêè â êëåòêó-õîçÿèíà ñâûøå 
30 ñïåöèàëèçèðîâàííûõ ýôôåêòîðíûõ áåëêîâ ÷åðåç äâå ðàçëè÷íûå 
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ñåêðåòîðíûå ñèñòåìû III òèïà. Ýòè ýôôåêòîðû, àðàíæèðîâàííûå â 
åäèíûé îðêåñòð, âîçäåéñòâóþò íà öèòîñêåëåòîí èíôèöèðîâàííîé êëåòêè, 
ïóòè ïåðåíîñà ñèãíàëîâ, ìåìáðàííûé òðàíñïîðò è ïðîâîñïàëèòåëüíûé 
îòâåò. Ýòî ïîçâîëÿåò ñàëüìîíåëëå âíåäðÿòüñÿ â íåôàãîöèòèðóþùèå 
ýïèòåëèàëüíûå êëåòêè, ÄÊ è ìàêðîôàãè, âûæèâàòü è ðàçìíîæàòüñÿ 
âíóòðèêëåòî÷íî, à â íåêîòîðûõ ñëó÷àÿõ äèññåìèíèðîâàòü, âûçûâàÿ 
ñèñòåìíûå çàáîëåâàíèÿ. Óñòàíîâëåíî, ÷òî äëÿ óñòàíîâëåíèÿ è 
ïîääåðæàíèÿ ïåðñèñòèðóþùåé (ïîäîñòðîé) èíôåêöèè â ïå÷åíè è 
ñåëåçåíêå òðåáóåòñÿ ýêñïðåññèÿ íå ìåíåå 118 ãåíîâ (3% ãåíîìà), 30% 
êîòîðûõ ñîñðåäîòî÷åíû â ãåíîìíûõ îáëàñòÿõ SPI-1 è SPI-2, ëèçîãåííûõ 
ôàãàõ è ðàçëè÷íûõ ïëàçìèäàõ [87]. Â òî æå âðåìÿ öåëûé ðÿä âîïðîñîâ 
ïàòîãåíåçà îñòàåòñÿ ïîêà áåç îòâåòà. Ïîíÿòèå äåòàëåé âçàèìîäåéñòâèÿ 
âîçáóäèòåëÿ è êëåòêè-õîçÿèíà, óñêîëüçàíèÿ ïàòîãåíà îò ýôôåêòîðîâ 
èììóííîé ñèñòåìû è âûðàáîòêè óñòîé÷èâîñòè ê äåéñòâèþ 
ïðîòèâîìèêðîáíûõ ñðåäñòâ ïîçâîëèò íå òîëüêî çàïîëíèòü îñòàþùèåñÿ 
ïðîáåëû, íî è ðàçðàáîòàòü íîâûå, áîëåå ýôôåêòèâíûå ñðåäñòâà 
âîçäåéñòâèÿ íà óáèêâèòàðíûé ïàòîãåí. 
 
SUMMARY 
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Salmonella pathogenesis relies upon the delivery of over thirty specialized effector proteins 

into the host cell via two distinct type III secretion systems. These effectors act in concert to 
subvert the host cell cytoskeleton, signal transduction pathways, membrane trafficking, and 
proinflammatory responses. This allows Salmonella to invade non-phagocytic epithelial cells, 
establish and maintain an intracellular replicative niche and, in some cases, disseminate to 
cause systemic disease. This review focuses on the action of the effectors on their host cell 
targets during each stage of Salmonella infection. 

Key words: S.Typhimurium, S.Enteritidis, pathiogenesis. 
 

ÑÏÈÑÎÊ ËÈÒÅÐÀÒÓÐÛ 
1. Intracellular replication of Salmonella typhimurium strains in specific subsets of splenic 

macrophages in vivo / S.P. Salcedo, M. Noursadeghi, J. Cohen, D.W. Holden  
// Cell.Microbiol.-2001. - V.3. - P.587-597. 

2. Vought K.J. Salmonella enteritidis contamination of ice cream associated with a 1994 
multistate outbreak / K.J.Vought, S.R. Tatini // J.Food Prot. - 1998. - V.61. - P.5-10. 

3. de Jong H. The comparative burden of salmonellosis in the Europian Union member states, 
associated and candidate countries / H. de Jong, M.O. Ekdahl // BMC Public Health. - 
2006. - V.6. - P.4-12. 

4. Bearson S.M. Identification of Salmonella enterica serovar Typhimurium genes important 
for survival in the swine gastric environment / S.M. Bearson, B.L. Bearson,  
M.A. Rasmussen // Appl.Environ.Microbiol. - 2006. - V.72. - P.2829-2836.  

5. Role of fimbriae as antigens and intestinal colonization factors of Salmonella serovars  
/ A.D.Humphries, S.M.Townsend, R.A. Kingsley [et al.] // FEMS Microbiol.Lett.  2001. - 
V.201. - P.121-125. 

6. Darwin K.H. Molecular basis of the interaction of Salmonella with the intestinal mucosa 
/ K.H. Darwin, V.L. Miller // Clin.Microbiol.Rev. - 1999. - V.12. - P.405-428. 

7. Adhesin-dependent binding and uptake of Salmonella enteric serovar Typhimurium by 
dendritic cells / A.Guo, M.A. Lasaro, J.C. Sirard [et al.] // Microbiology. - 2007. - V.153. - 
P.1059-1069. 

8.  Kumar H. Pathogen recognition in the innate immune response / H.Kumar, T.Kawai, 
S.Akira // Biochem.J. - 2009. - V.420. - P.1-16. 

9.  Derepression of Salmonella pathogenicity island 1 genes within macropohages leads to rapid 
apoptosis via caspase-1 and caspase-3-dependent pathways / A.Takaya, A.Suzuki,  
Y. Kikuchi [et al.] // Cell Microbiol. - 2005. - V.7. - P.79-90. 

10. Coordinated regulation of expression of Salmonella pathogenicity island 1 and flagellar type 
III secretion systems by ATP-dependent ClpXP protease / H.Kage, A.Takaya, M.Ohya, 
T.Yamamoto // J.Bacteriol. - 2008. - V.190. - P.2470-2478.  

11. BapA, a large secreted protein required for biofilm formation and host colonization of 
Salmonella enteric serovar Enteritidis/ C. Latasa, A. Roux, A. Toledo-Arana [et al.] // Mol. 
Microbiîl. - 2005. - V.58. - P.1322-1339. 



”Â³ñíèê ÑóìÄÓ. Ñåð³ÿ Ìåäèöèíà”, ¹1’2010 17 

12. Salmonella pathogenicity island 4 encodes a giant non-fimbrial adhesion and the cognate 
type 1 secretion system/ R.G. Gerlach, D. Jackel, B. Stecher [et al.] // Cell Microbiol. - 
2007. -V.9. - P.1834-1850. 

13. SiiE is secreted by the Salmonella enterica serovar Typhimurium pathogenicity island  
4-encoded secretion system and contributes to intestinal colonization in cattle/ E. Morgan, 
A.J. Bowen, S.C. Carnell [et al.] // Infect.Immunol. - 2007. - V.75. - P.1524-1533. 

14. Coordinate regulation of Salmonella pathogenicity island 1 (SPI1) and SPI4 in Salmonella 
enterica serovar Typhimurium / K.L. Main-Hester, K.M. Colpitts, G.A. Thomas [et al.]  
// Infect. Immunol. - 2008. - V.76. - P.1024-1035. 

15. Salmonella takes control: effector-driven manipulation of the host / E.J. McGhie,  
L.C. Brawn, P.J. Hume [et al.] // Curr.Opin.Microbiol. - 2009. - V.12. - P.117-124. 

16. Hayward R.D. Direct modulation of the host cell cytoskeleton by Salmonella actin-binding 
proteins / R.D. Hayward, V. Koronakis // Trends Cell Biol. - 2002. - 12. - P.15-20. 

17. Layton A.N. Salmonella-induced enteritis: molecular pathogenesis and therapeutic 
implications / A.N. Layton, E.E. Galyov // Expert Re.Mol.Med. - 2007. - V.9. - P.1-17. 

18. Gal-Mor O. Pathogenicity islands: a molecular toolbox for bacterial virulence / O. Gal-Mor, 
B.B. Finlay // Cell. Microbiol. - 2006. - V.8. - P.1707-1719. 

19. Galan J.E. Protein delivery into eukaryotic cells by type III secretion machines  
/ J.E. Galan, H. Wolf-Watz // Nature. - 2006. - V.444. - P.567-573. 

20. SopB promotes phosphatidylinositol 3-phosphate formation on Salmonella vacuoles by 
recruiting Rab5 and Vps34 / G.V. Mallo, M. Espina, A.C. Smith [et al.] // J.Cell Biol.-
2008. - V.182. - P.741-752. 

21. Diversification of a Salmonella virulence protein function by ubiquitin-dependent 
differential localization / J.C. Patel, K. Hueffer, T.T. Lam, J.E. Galan // Cell.-2009. - 
V.137. - P.283-294. 

22. McGhie E.J. Control of actin turnover by a Salmonella invasion protein / E.J. McGhie,  
R.D. Hayward, V. Koronakis // Mol.Cell. - 2004. - V.13. - P.497-510. 

23. Patel G.C. Manipulation of the host actin cytoskeleton by Salmonella – all in the name of 
entry / G.C. Patel, G.E. Galan // Curr.Opin.Microbiol. - 2005. - V.8. - P.10-15. 

24. Patel G.C. Differential activation and function of Rho GTPases during Salmonella-host cell 
interactions / G.C. Patel, G.E. Galan // J.Cell Biol. - 2006. - V.175. - P.453-463. 

25. Bacteria-generated Ptdlns(3)P recruits VAMP8 to facilitate phagocytosis / S. Dai, Y. Zhang, 
T. Weimbs, M.B. Yaffe, D. Zhou // Traffic. - 2007. - V.8. - P.1365-1374. 

26. SopD acts cooperatively with SopB during Salmonella enterica serovar Typhimurium 
invasion / M.A. Bakowski, J.T. Cirulis, N.F. Brown, B.B. Finlay, J.F. Brummel // Cell 
Microbiol. - 2007. - V.9. - P.2839-2855. 

27. Salmonella AvrA coordinates suppression of host immune and apoptotic defenses via JNK 
pathway blockade / R.M. Jones, H. Wu, C. Wentworth [et al.] // Cell Host Microb. - 2008. - 
V.3. - P.233-244. 

28. Bacterial activation of beta-catenin signaling in human epithelia / J. Sun, M.E. Hobert, 
A.S. Rao [et al.] // Am.J.Physiol.Gastrointest.Liver Physiol. - 2004. - V.287. - P.G220-
G227. 

29. SipA, SopA, SopB, SopD, and SopE2 contribute to Salmonella enterica serovar Typhimurium 
invasion of epithelial cells / M. Raffatellu, R.P. Wilson, D. Chessa [et al.]  
// Infect.Immun. - 2005. - V.73. - P.146-154. 

30. The inflammation-associated Salmonella SopA is a HECT-like E3 ubiquitin ligase  
/ Y. Zhang, W.M. Higashide, B.A. McCormick, J. Chen, D. Zhou // Mol.Microbiol. - 2006. - 
V.62. - P.786-793. 

31. Humphreys D. The Salmonella effector SptP dephosphorylates host AAA+ ATPase VCP to 
promote development of its intracellular replicative niche/ D. Humphreys, P.J. Hume,  
V. Koronakis // Cell Host Microbe. - 2009. - V.5. - P.225-233. 

32. Brawn L.C. Salmonella SPI-1 effector SipA persist after entry and cooperates with SPI-2 
effector to regulate phagosome maturation and intracellular replication/ L.C. Brawn,  
R.D. Hayward, V. Koronakis // Cell Host Microbe. - 2007. - V.1. - P.63-75. 

33. Steel-Mortimer O. The Salmonella-containing vacuole: moving with the time / O. Steel-
Mortimer // Curr.Opin.Microbiol. - 2008. - V.11. - P.38-45. 

34. Biogenesis of Salmonella typhimurium-containing vacuoles in epithelial cells involves 
interactions with the early endocytic pathway / O. Steele-Mortimer, S. Meresse, J.P. Gorvell 
[et al.] // Cell Microbiol. - 1999. - V.1. - P.33-49. 

35. The secreted Salmonella dublin SopB localizes to Ptdlns(3)P-containing endosomes and 
perturbes normal endosome to lysosome trafficking / J.D. Dukes, H. Lee, R. Hagen [et al.] 
// Biochem.J.- 2006. - V.395. - P.239-247. 

36. Sorting nexin-1 defines an early phase of Salmonella-containing vacuole-remodeling during 
Salmonella infection / M.V. Bujny, P.A. Ewels, S. Humphrey [et al.] // J.Cell Sci. - 2008. - 
V.121. - P.2027-2036. 

37. Crystal structure of SopA, a Salmonella effector protein mimicking a eukaryotic ubiquitin 
ligase / J. Diao, Y. Zhang, J.M. Huibregtse, D. Zhou, J. Chen // Nat.Struct.Mol.Biol.-
2008.- V.15. - P.65-70. 

38. Stec C is a Salmonella kinase required for SPI-2 dependent F-actin remodeling / J. Poh,  
C. Odendall, A. Spanos [et al.] // Cell Microbiol. - 2008. - V.10. - P.20-30. 



”Â³ñíèê ÑóìÄÓ. Ñåð³ÿ Ìåäèöèíà”, ¹1’2010 18 

39. Salmonella effectors translocated across the vacuolar membrane interact with the actin 
cytoskeleton / F.A. Miao, M. Brittnacher, A. Harada [et al.] // Mol/Microbiol. - 2003. - 
V.48. - P.401-415. 

40. The role of SsrA-SsrB and OmpR-EnvZ in the regulation of genes encoding the Salmonella 
typhimurium SPI-2 type III secretion system / J. Garmendia, C.R. Beuzon, J. Ruiz-Albert, 
D.W. Holden // Microbiol. - 2003. - V.149. - P.2385-2396. 

41. Salcedo S.P. SseG, a virulence protein that targets Salmonella to the Golgi network  
/ S.P. Salcedo, D.W. Holden // EMBO J. - 2003. - V.22. - P.5003-5014. 

42. Beuzone C.R. Growth and killing of a Salmonella enterica serovar Typhimurium sifA 
mutant strain in the cytosol of different cell lines / C.R. Beuzone, S.P. Salcedo,  
D.W. Holden // Microbiol.-2002. - V.148. - P.2705-2715. 

43. The Salmonella effector protein PipB2 is a linker for kinesin-1/ T. Henry, C. Couillault,  
P. Rockenfeller [et al.] // Proc.Natl.Acad.Sci.USA. - 2006. - V.103. - P.13497-13502. 

44. Knodler L.A. The Salmonella effector PipB2 affects late endosome/lysosome distribution to 
mediate Sif extension / L.A. Knodler, O. Steel-Mortimer // Mol.Biol.Cell. - 2005. - V.16. - 
P.4108-4123. 

45. The Salmonella virulence protein SifA is a G protein antagonist/ L.K. Jackson, P. Nawabi, 
C. Hentea, E.A. Roark, K. Haldar // Proc.Natl.Acad.Sci.USA. - 2008. - V.105. - P.14141-
14146. 

46. Structure and function of Salmonella SifA indicate that its interactions with SKIP, SseJ, 
and RhoA family GTPases induce endosomal tabulation / M.B. Ohlson, Z. Huang, N.M. Alto 
[et al.] // Cell Host Microbe. - 2008. - V.4. - P.434-446. 

47. Nawabi P. Esterification of cholesterol by a type III secretion effector during intracellular 
Salmonella infection / P. Nawabi, D.M. Catron, K. Haldar // Mol.Microbiol. - 2008. - V.68. 
- P.173-185. 

48. Ganley I.G. Cholesterol accumulation sequesters Rab9 and disrupts late endosome function 
in NPC1-deficient cells / I.G. Ganley, S.R. Pfeffer // J.Biol.Chem. - 2006. -V.281. - 
P.17890-17899. 

49. The Salmonella SPI-2 effector SseJ exhibits eukaryotic activator-dependent phospholipase A 
and glycerophospholipid cholesterol acyltransferase activity / N.S. Lossi, N. Rolhion,  
A.I. Magee, C. Boyle, D.W. Holden // Microbiology. - 2008. - V.154. - P.2680-2688. 

50. A family of Salmonella virulence factors functions as a distinct class of autoregulated E3 
ubiquitin ligases / C.M. Quezada, S.W. Hicks, J.E. Galan, C.E. Stebbins  
// Proc.Natl.Acad.Sci.USA. - 2009. - V.106. - P.4864-4869. 

51. Le Negrate G. Salmonella secreted factor L deubiquitinase Salmonella Typhimurium inhibits 
NF-κB, suppresses I  B   ubiquitination and modulates innate immune responses  
/ G. Le Negrate, B. Faustin, K. Welsh // J.Immunol. - 2008. - V.180. - P.5045-5056. 

52. Microtubule motors control membrane dynamics of Salmonella-containing vacuoles  
/ J. Guignot, E. Caron, C. Beuzon [et al.] // J.Cell Sci. -2004. - V.117. - P.1033-1045. 

53. Salmonella-containing vacuoles display centrifugal movement associated with cell-to-cell 
transfer in epithelial cells / J. Szeto, A. Namolovan, S.E. Osborne [et al.] // Infect.Immun.-
2009.-V.77.-P.996-1007. 

54. The translocated Salmonella effector proteins SseF and SseG interact and are required to 
establish an intracellular replication niche / J. Deiwick, S.P. Salcedo, E. Boucrot [et al.]  
// Infect.Immunol.-2006.-V.74.-P.6965-6972. 

55. Kuhle V. Intracellular Salmonella enteric redirect exocytic processes in a SPI-2-dependent 
manner / V. Kuhle, G.L. Abrahams, M. Hensel // Traffic.-2006.-V.7.-P.716-730. 

56. The translocated Salmonella effector proteins SseF and SseG interact and are required to 
establish an intracellular replication niche / J. Deiwick, S.P. Salcedo, E. Boucrot [et al.]  
// Infect.Immun. - 2006. - V.74. - P.6965-6972. 

57. The Salmonella effector protein PipB2 is a linker for kinasin-1 / T. Henry, C. Couillault,  
P. Rockenfeller [et al.] // Proc.Natl.Acad.Sci.USA. - 2006. - V.103. - P.13497-13502. 

58. Brawn L.C. Salmonella SPI1 effector SipA persist after entry and cooperates with a SPI2 
effector to regulate phagosome maturation and intracellular replication / L.C. Brawn,  
R.D. Hayward, V. Koronakis // Cell Host Microbe. - 2007. - V.1. - P.63-75. 

59. Role for myosin II in regulating positioning of Salmonella-containing vacuoles and 
intracellular replication / J.A. Wasylnka, M.A. Bakowski, J. Szeto [et al.]  
// Infect.Immun. - 2008. -V.76. - P.2722-2735. 

60. Dynamic behavior of Salmonella-induced membrane tubules in epithelial cells  
/ D. Drecktrah, S. Levine-Wilkinson, T. Dam [et al.] // Traffic.-2008.-V.9.-P.2117-2129. 

61. Crystal structure of SopA, a Salmonella effector protein mimicking a eukaryotic ubiquitin 
ligase / J. Diao, Y. Zhang, J.M. Huibregtse, D. Zhou, J. Chen // Nat.Struct.Mol.Biol. - 
2008. - V.15. - P.65-70. 

62. Boyle E.C. Salmonella enterica serovar Typhimurium effectors SopE/SopE2, SopB and SipA 
disrupt tight junction structure and function / E.C. Boyle, N.F. Brown, B.B. Finlay // Cell 
Microbiol. - 2006. - V.8. - P.1946-1957. 

63. Salmonella type III effector AvrA stabilizes cell tight junctions to inhibit inflammation in 
intestinal epithelial cells / A.P. Liao, E.O. Petrof, S. Kuppireddi [et al.] // PLoS ONE.-
2008. - V.3. - Ð.2369. 

64. Fink S.L. Pyroptosis and host cell deth responses during Salmonella infection / S.L. Fink, 
B.T. Cookson // Cell Microbiol. - 2007. - V.9. - P.2562-2570. 



”Â³ñíèê ÑóìÄÓ. Ñåð³ÿ Ìåäèöèíà”, ¹1’2010 19 

65. Identification of Salmonella SPI-2 secretion system components required for SpvB-mediated 
cytotoxicity in macrophages and virulence in mice / S.H. Browne, P. Hasegawa,  
S. Okamoto, J. Fiere, D.G. Guiney // FEMS Immunol.Med.Microbiol. - 2008. - V.52. - 
P.194-201. 

66. SpvC is a Salmonella effector with phosphothreonine lyase activity on host mitogen-
activated protein kinases / P. Mazurkiewicz, J. Thomas, J.A. Thompson [et al.]  
// Mol.Microbiol. - 2008. - V.67. - P.1371-1383. 

67. Salmonella effector AvrA regulation of colonic epithelial cell inflammation by 
deubiquitination / Z. Ye, E.O. Petrof, D. Boone, E.C. Claud, J. Sun // Am.J.Pathol. - 2007. 
- V.171. - P.882-892. 

68. Type III secretion effectors of the IpaH family are E3 ubiquitin ligases / J.R. Rohde,  
A. Breikreutz, A. Chenal, P.J. Sansonetti, C. Parsot // Cell Host Microbe. - 2007. - V.1. - 
P.77-83. 

69. Absence of all components of the flagella export and synthesis machinery differentially 
alters virulence of Salmonella enterica serovar Typhimurium in models of typhoid fever, 
survival in macrophages, tissue culture invasiveness, and calf enterocolitis / C.K. Schmitt, 
J.S. Ikeda, S.C. Darnell [et al.] // Infect.Immun. - 2001. - V.69. - P.5619-5625. 

70. Macnab R.M. Type III flagellar protein export and flagella assembly / R.M.Macnab  
// Biochem. Biophys.Acta. - 2004. - V.1694. - P.207-217. 

71. Cytoplasmic flagellin activates caspase-1 and secretion of IL-1   via Ipaf / E.A. Miao,  
C.M. Alpuche-Aranda, M. Dors [et al.] // Nat.Immunol. - 2006. - V.7. - P.569-575. 

72. TLR5 and Ipaf: dual sensors of bacterial flagellin in the innate immune system / E.A. Miao, 
E. Andersen-Nissen, S.E. Warren, A. Aderem // Semin.Immunopathol. - 2007. - V.29. - 
P.275-288.  

73. Sun Y.H. Injection of flagellin into the host cell cytosol by Salmonella enterica serovar 
Typhimurium / Y.H. Sun, H.G. Rolan, R.M. Tsolis // J.Biol.Chem. - 2007. - V.282.-
P.33897-33901. 

74. Flagellin suppresses epithelial apoptosis and limits disease during enteric infection  
/ M. Vijay-Kumar, H. Wu, R. Jones [et al.] // Am.J.Pathol. - 2006. -V.169. -P.1686-1700. 

75. Flagella facilitate escape of Salmonella from oncotic macrophages / G. Sano, Y. Takada,  
S. Goto [et al.] // J.Bacteriol. - 2007. - V.189. - P.8224-8232. 

76. Periplasmic Cu, Zn superoxide dismutase and cytoplasmic Dps occur in protecting 
Salmonella enterica serovar Typhimurium from extracellular reactive oxygen species  
/ F. Pacello, P. Ceci, S. Ammendola [et al.] // Biochim.Biophys.Acta. - 2008. - V.1780. - 
P.226-232. 

77. Slc11a1 limits intracellular growth of Salmonella enterica serovar Typhimurium by 
promoting macrophage immune effector functions and impairing bacterial iron acquisition  
/ M. Nairz, G. Fritsche, M.L. Crouch [et al.] // Cell Microbiol. - 2009. - V.11. - P.1365-
1381. 

78. Muller S.I. Salmochelin, the long-overlooked catecholate siderophore of Salmonella  
/ S.I. Muller, M. Valdebenito, K. Hantke // Biometals. - 2009. - V.22. - P.691-695. 

79. Lipocalin-2 resistance confers an advantage to Salmonella enterica serovar Typhimurium for 
growth and survival in the inflamed intestine / M. Raffatellu, M.D. George, Y. Akiyama [et 
al.] // Cell Host Microbe. - 2009. - V.5. - P.476-486. 

80. Taylor C.M., Osman D., Cavet J.S. Differential expression from two iron-responsive 
promoters in Salmonella enterica serovar Typhimurium reveals the presence of iron in 
macrophage-phagosomes / C.M. Taylor, D. Osman, J.S. Cavet // Microb.Pathol. - 2009. - 
V.46. - P.114-118. 

81. Interferon-gamma limits the availability of iron for intramacrophage Salmonella 
Typhimurium / M. Nairz, G. Fritsche, P. Brunner [et al.] // Eur.J.Immunol. - 2008. - V.38. 
- P.1923-1936. 

82. Salmonella enterica serovar Typhimurium divalent cation transport systems MntH and 
SitABCD are essential for virulence in an Nramp1G169 murine typhoid model  
/ M.L. Zaharik, V.L. Cullen, A.M. Fung [et al.] // Infect. Immun. -2004. - V.72. - P.5522-
5525. 

83. The CorA Mg2+ channel is required for the virulence of Salmonella enterica serovar 
Typhimurium / K.M. Papp-Wallace, M. Nartea, D.G. Kehres [et al.] // J.Bacteriol. - 2008. 
- V.190. - P.6517-6523. 

84. Alix E. Peptide-assisted degradation of the Salmonella MgtC virulence factor / E. Alix, 
A.B. Blanc-Potard // EMBO J. - 2008. - V27. - P.546-557. 

85. High-affinity Zn2+ uptake system ZnuABC is required for bacterial zinc homeostasis in 
intracellular environments and contributes to the virulence of Salmonella enteric  
/ S. Ammendola, P. Pasquali, C. Pistoia [et al.] // Infect.Immun.-2007.-V.75.-P.5867-5876. 

86. The potassium transporter Trk and external potassium modulate Salmonella enteric protein 
secretion and virulence / J. Su, H. Gong, J. Lai, A. Main, S. Lu // Infect.Immun. - 2009. - 
V.77. - P.667-675. 

87. Host transmission of Salmonella enterica serovar Typhimurium is controlled by virulence 
factors and indigenous intenstinal microbiota / T.D. Lawley, D.M. Bouley, Y.E. Hoy [et al.]  
// Infect.Immun.-2008. - V.76. - P.403-416. 

 

Ïîñòóïèëà â ðåäàêöèþ 25 äåêàáðÿ 2009 ã.  


