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Pe3tome. Bee Gonbiie BHMMaHUS ynensieTcs W3yYSHUIO
poir MeTabOIMYECKUX YEKIIOMHTOB B (DEHOMEHE PEerpo-
rpaMMHUPOBAaHUSI UIMMYHHBIX KIIETOK. BHYTpHKICTOUHBIH
MeTaboMu3M HanpsSMYyIO Y9acTBYeT B KOHTPOJIEC AMHAMH-
Ku pocta U nponudepanun T-kineTok, ux 3(H(EeKTopHBIX
(yHKIMH. BEICTPBIH Berieck nmponudepaTiBHON aKTHBHO-
CTH TUM(POLKUTOB IIPY UMMYHHOM OTBETE 00€CIEUHBACTCS
MEePEKITIOYeHIEM HaUBHBIX T-KIIETOK C OKHCIICHUS JKUPHBIX
KHCJIOT Ha TIIMKOIIU3 U TITy TAMUHOJIH3 JIJISI YJIOBJICTBOPEHHS
KJIETOK dHEpTuei u cyocTparaMi OMOCHHTETHYECKUX TIPO-
meccoB. B aToMm 0030pe paccMaTpuBaroOTCs TaHHBIE U3 CTa-
Teit uadopmannonHoro pecypca PubMed ¢ nenbro 0006-
LICHUS HAyYHBIX CBEACHUM MOCIEAHUX JIET O POJIU KJIIOUe-
BBIX MOJICKYII, B3aHMOCBSI3H METa0OJIMIECKOTO CTaryca H
CUTHAJIBHBIX MyTeH, YYaCTBYIOIIMX B PENpOrpaMMHUPOBa-
Huu T-xinetok. [loHnManne MexaHu3MOB METa0OIHIECKIX
repecTpoek T-KIIETOK pacKphIBaeT HOBbIE BO3BMOXKHOCTH B
MOVCKE MUILIEHEH U1l IMMYHOMOAYIMPOBAHHSI.
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Abstract. Nowadays, studies on the role of metabolic
checkpoints in immune cell reprogramming has
being received more and more attention. Intracellular
metabolism is directly involved in the regulation of T
cell growth and proliferation as well as their effector
functions. A proliferative burst during immune response
is provided by switching naive T cells from the oxidation
of fatty acid to glycolysis and glutaminolysis in order
to satisfy cell demands in energy and building blocks.
The aim of this review is to summarize summarizes
recent scientific data from articles cited in PubMed
on the role of key molecules, the relationship of
metabolic status and signaling pathways involved in T
cell reprogramming. Understanding the mechanisms
of metabolic rearrangement of T cells opens up new
possibilities in finding targets for immunomodulation.
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®dopMHUpOBaHHE MMMYHHOTO OTBETa XapaKTepH3yeTCs
BBICOKMMHU TeMIamu nponudepanun T-KIETOK, KOTopast
o0ecrieunBaeTCsl U3MEHEHUSIMU KJIETOYHOTO MeTa0omm3-
Ma, HalpaBJICHHbBIMUA Ha peallM3alliio MHBIX, 10 CpaBHe-
HUIO C COCTOSTHHEM MOKos, 3a1a4 [ 1]. I3BecTHO, yTO HAUB-
Hble T-KJIETKH MCIONB3YIOT MPEUMYIIECTBEHHO MHTOXOH-
JpUANbHBIM IIyTh OKUCIUTENBHOrO (ochoprinpoBaHust
(OXPHOS, oxidative phosphorylation), Ho, Kak TOJIBKO T10-
JI4aloT CTUMYJI JUI POCTa U nponudepannu, nepexiroda-
I0TCsI Ha OBICTpBI, HO MeHee d(D(EKTUBHBIN 1O MPOAYK-

The immune response formation is characterized by
high rates of T cells proliferation provided by changes
in cell metabolism aimed at different from the resting
state tasks [1]. It is known that naive T cells primarily
use the mitochondrial way of oxidative phosphorylation
(OXPHOS), but as soon as they receive a stimulus for
growth and proliferation, they switch to the fast but less
efficient, in terms of ATP production, cytosolic way
of glycolysis [2]. Reprogramming of the activated T
cells is controlled by the metabolic checkpoints. These
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uuu AT® nuTo301pHBIN MyTh MIMKoAU3a [2]. Ilponcxons-
miee ¢ aKTMBUPOBAHHBIMH T-KJeTKaMH PenporpamMMUpO-
BaHHE KOHTPOJIHUPYETCS] METaOOIMUYECKIMHU YEKITOMHTAMH,
00ecITeunBaOIMUMA  TTPe00pa3oBaHue METAOO0IHMIECKOTO
cTaryca KJIETKH B COOTBETCTBYIOLIMH OTBET M BKIIFOYAIO-
mue B ce0s pa3MyHbIe CUTHAJbl, CEHCOPBI, TPAaHCIYKTO-
pbl 1 3 dexTopsl [3, 4], KOTOpbIe CIIOCOOCTBYIOT peain3a-
mun GyHKIMK 1 muddepennpanin T-KIeToK yepe3 TpaHc-
KPHITIUOHHYIO aKTHBHOCTb, IMOCTTPAHCISTHIIMOHHYIO MO-
Iu(UKaINIO, STUTEHETHYECKOE PEMOICINPOBAHUE.
Haxomsice B cocTosiHUM 1OKOS, T-KJIETKH HCIOIb3YIOT
JUISl IPONYKLMH SHEPTHH OKHCIICHUE MUpyBaTa (MHTEpMe-
JIMaT pacraja IIFOKO3bl) ¥ BBICIINX KUPHBIX kucioT (FAO,
fatty acids oxidation) B mutoxonapusix. [locie akruBarmu
T kneTky npeTepreBaroT 3HAYUTENIbHBIC H3MEHEHHS METa-
00sm3Ma, 9TOOBI MIOKPBITH BO3POCIIIAE YHEPTETHUCCKHE H
IUTACTUYECKHE 3alpOChl, HEOOXOAUMBbIE IS OCYLIECTBIIE-
HUSI pOCTa, Mpoaudepatuy 1 BHITOTHEHUS 3()(HEKTOPHBIX
¢ynkuid. Cropocts FAO y axtuBupoBanHHbIX T-Ki1eTok
CHIKAETCSI, a IIMKOJIM3a PACTET, TAaKXKe TOBBINIACTCS WH-
TEHCUBHOCTH TIEHT030(0CHATHOTO IMyTH OKUCIICHUS TIIIO-
ko036l (PPP, pentose phosphate pathway) n rmyrammuaONMH-
3a [5]. T-KJIeTKH CTaHOBATCA BCe 0OJICe 3aBHCHMBIMHU OT
MOCTYIUICHHS TJIOKO3bI M €€ YCBOCHHS, TaK KaK IITIOKO-
32 CIY)XUT OCHOBHBIM HCTOYHHUKOM, OOECIIEUHBAIOIIUM
T-xnetkun AT®, cyOcTpaTtaMu U BOCCTAHOBUTEIBHBIMH JK-
BuBaseHTaMu (NADPH), HEoOXOMUMBIME 71T OMOCHHTE-
30B [6]. Tak, HanmpuMmep, UHTEPMENUATHI [JIIOKO3bl MOTYT
ObITh 3ameiicTBoBanbl B PPP (mmioko30-6-docdar), mytn
oOpazoBanus cepuHa (3-pochormiepar), CHHTE3a KUP-
HBIX KUCTOT (anetuin-CoA) U CIyKUTh IPEKypCOpaMu IS
00pa3oBaHMsI HYKJICOTHIOB, OCIIKOB U TUTIHAOB. Eciu mo-
CTYIJICHHE IIFOKO3bl OTpaHM4YEeHO, MeTabosm3M T-KineTok
CHIKAETCSI 10 YPOBHS, HE MO3BOJISIOIIEIO 0OecneYnBaTh
U NIOAJEPKUBATh KU3HEACATEIBHOCTh, U IPOATIONTOTHYE-
ckue Oenku cemericTBa Bel-2 cTaHOBSITCS aKTUBHBEIMU, 3a-
IycKas KJIETOYHYI0 cMepTh [7]. Jlis moBbIIEHUs ycBoe-
HUSI TIFOKO3bI HEOOXOJMMBI BHEKJIETOUHBIC CUTHAIIBI, Ta-
KHe KaK ()aKTOpbl POCTa, LUTOKUHBI WIIM CTUMYJISILUS KJle-
tounoro peuentopa TCR (T cell receptor). Uepe3s nux 3a-
MyCKaeTcsl MEXaHU3M MoTpedieHus T-KIeTKaMi CBEPXBbI-
COKHX KOJHMYECTB TIIOKO3bI, YTO JOCTUTACTCS TOBBIIICH-
HOM 3KcTpeccuel TpaHCMEMOPAaHHOTO MePEeHOCYNKa TITI0-
k03wl 1 (Glut 1, Glucose transporter 1) u cTUuMyTHpOBaHH-
€M yTHJIM3ALMHU [JIFOKO3bI B IIPOLIECCE IIMKOIN3a, KOTOPBIH
Yyepe3 BHYTPUKIIETOUHBIC CUTHAIIBI OJIOKUTEIBHO PETYIIHU-
pyeTcs Taxke B YCIOBHSX JOCTaTOYHOCTH DHEPTHU U KHC-
sopozaa (3ddexr BapOypra) [8]. OnHako upe3mepHoOe To-
TpeOJIeHUE TIIFOKO3bI MOXKET CIIPOBOLIUPOBATH TUTIEPAKTUB-
HBI UMMYHHBIH OTBET, I03TOMY VIS IOAJICPKaHMsI TOMEO-
CTa3a HeoOXOMMa XOPOILO OTIAKEHHAs! PETYIISLHS TOCTY-
IUICHUS TIIFOKO3BI B KIIETKY. B 3TOM y4acTByIOT BHYTpHKIIE-
TOYHBIE META0OIUTHI, TOOOYHBIE TPOAYKTHl META00IN3Ma,
Ko(akTophbl, Takue Kak aneTuia-CoA, NelluH, KHHYPEHUH
(Kyn), ROS (reactive oxygen species), AMP/ATP, NAD*/
NADH, NADP*/NADPH, kotopble MOTYT BBITOIHSTE CUT-
HaJIbHYIO (DYHKIIUIO, @ HX CEHCOpPaMH, TPAHCIYKTOPaMH H

checkpoints transform the metabolic status of the cell
into an appropriate response. They include various
signals, sensors, transducers and effectors [3, 4] which
facilitate the implementation of T cells functions and
differentiation through transcriptional activity, post-
translational modification and epigenetic remodeling.

In a resting state, T cells use the oxidation of pyruvate
(an intermediate of glucose decay) and higher fatty acid
oxidation (FAO) to produce energy in mitochondria.
After activation, T cells undergo significant metabolic
alterations in order to cover the increased energy and
plastic demands necessary for growth, proliferation
and effector functions. The rate of FAO in activated
T cells decreases, and the one of glycolysis increases.
The intensity of the pentose phosphate pathway (PPP)
for glucose oxidation also increases, as well as the
intensity of glutaminolysis [5]. T cells are becoming
increasingly dependent on glucose uptake, since glucose
is the main source of ATP, substrates and reducing
equivalents (NADPH) necessary for biosynthesis [6].
For example, glucose intermediates can be involved in
PPP (glucose-6-phosphate), serine formation pathways
(3-phosphoglycerate), fatty acid synthesis (acetyl-CoA).
Also, glucose intermediates can serve as precursors
for the formation of nucleotides, proteins and lipids. If
glucose uptake is limited, T-cell metabolism decreases
to a level that does not allow to maintain the vital
activity, and Bcl-2 pro-apoptotic proteins become active,
triggering the cell death. [7]. To increase glucose uptake,
extracellular signals such as growth factors, cytokines,
or stimulation of the TCR (T cell receptor) are required.
Thus, the mechanism of T cell consumption of very
high glucose amounts is triggered due to the increased
expression of the transmembrane glucose transporter 1
(Glut 1) and due to the stimulation of glucose utilization
in the process of glycolysis, which is positively regulated
through intracellular signals even under conditions
of sufficient energy and oxygen (Warburg effect) [8].
However, excessive glucose uptake can provoke a
hyperactive immune response, therefore, to maintain
homeostasis, the process should be well-regulated.
The regulation of glucose consumption is provided
by intracellular metabolites, metabolic by-products
and cofactors such as acetyl-CoA (acetyl-coenzyme
A), leucine, kynurenine (Kyn), ROS (reactive oxygen
species), AMP/ATP, NAD+/NADH, NADP+/NADPH
which perform a signaling function. Their sensors,
transducers and effectors are AMPK, PI-3K, mTOR,
HIF-1a, c-Myc, SIRTs, GCN2, LXR, AhR and other
key molecules involved in various signaling pathways.
The functional overlap of metabolic checkpoints and
signaling pathways ensures the whole spectrum of
metabolism adaptation during T cell activation and
assists the immune response.

The purpose of the study is the analysis and summary
of the published data about key molecules in metabolic
reprogramming of T cells obtained from the recent
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addexropamu sBisirorcss AMPK, PI-3K, mTOR, HIF-1a,
c-Myc, SIRTs, GCN2, LXR, AhR u npyrue xitoueBbie Mo-
JICKYJIbI BOBJICUCHHBIC B PAa3JIMUHBIC CUTHAJIBHBIC MYTH.
OYHKIIMOHATIBHOE TEPEKPHITHE META0OIUUECKUX YEKITO-
WHTOB U CHTHAJIBHBIX MyTeil 00ECIeunBaeT BCIO MOJTHOTY
M3MEHEeHHH MeTabolm3Ma B MPOoIecce penporpaMMUpOBa-
HUS aKTUBUPOBaHHBIX T-KJIETOK U CIIOCOOCTBYET pean3a-
LMY UIMMYHHOTO OTBETA.

Heab 0030pa — anamm3 u 0000IIEHNE COBPEMEHHBIX
CBEJICHUI O POJIM KIIFOYEBBIX MOJIEKYJT B META0OIMUYCCKOM
penporpaMMHUpOBaHUK T-KJIETOK IO JaHHBIM Hay4YHBIX
cTaTell MoCIeTHHUX JIET, OTOOPaHHBIX U3 PE3yJIbTaTOB OUC-
Ka B MH(POPMAIMOHHO-TIONCKOBOM cucTeme PubMed.

c-Myc u HIF-1a

T-KJeTKH HaxomsATCs B MOCTOSHHO MEHSIOILUXCS YCIIO-
BUSIX MHUKPOOKPYKCHHUSI M KHCIIOPOAHOTO 00ECHeYEHHUS.
Onu cIOCOOHBI aJaNTHPOBATHCSI K M3MEHEHHUIO CPE/Ibl, 3a-
IycKasg 4epe3 MEXaHU3Mbl CHUTHAJIMHTA MOIYTHPOBaHHUE
METa00INYECKUX NIPOLIECCOB, YTO 1103BOJIsAE T-KIeTKaM BbI-
KHMBATb U BBIIOJIHATH CBOM QyHKUNH. TpaHCKPUILIMOHHbIE
(baktopsl c-Myc u HIF-10 KoOpIUHUPYFOT SKCIIPECCHUTO Te-
HOB, BOBJICUECHHBIX B METa00JIM3M HapaOOTKH WHTEPMEIH-
aToB, CIyKallUX cyOcTpaTaMu ajist oOecTiedeHus BHICOKOH
ckopoctu niponudepanyu dpPekTopHbIX T-KIETOK B po-
recce KIIOHATBHOM dKCITaHCHH [9].

®axkrop TpaHckpunuuu c-Myc unnyuupyercs npu TCR
CUTHAJIMHIEe M a0COJIOTHO HEOOXOAMM Ui penporpam-
MHUPOBaHHs aKTHBUpOBaHHBIX T-knetok. [Ipeamonaraert-
cs1, 4yTo ¢c-Myc uHIynupyer skcnpeccuro AP4 (activator
of protein 4), KOTOpbIi oOecneYnBaeT WHUIMHUPYEMYIO
c-MycC TpaHCKpHILHOHHYIO HporpamMMy AJsl IOIAEp Ka-
Hus T-kneTouHol kioHanbHOM 3kcnancuu [10]. Dkenpec-
cust c-Myc crocoOcTByeT aspoOHOMY IIIMKOJIM3Y U Iy Ta-
MHUHOJIU3Y ¥ KOOPAMHUPYET 3TH METa0OIMYECKUE MyTH C
CHUHTE30M JIUMHI0B, aMIHOKHUCIIOT U HYKICOTUI0B [4, 9].
[MuKoNMM3 ¥ TIyTaMUHONIU3 SIBIISIOTCS KPUTUYECKU BaXK-
HBIMH METa0OJMYEeCKUMH TpoIeccaMu i Tposmdepa-
mu dddexroprbix Thl,2,17 nomynsnuii u 6axaHca Mex-
ny Th u Treg xnerkamu [5, 11]. @aktop c-Myc akTUBHpYeET
TPAHCKPUIIIIUIO TIUKOJIUTHYSCKUX TeHOB, BKiro4ast Glutl,
nakrar aeruaporenady A (LDHA, Lactate dehydrogenase
A), mupyBar kuHazy M2 (PKM2, pyruvate kinase M2) u
rekcokrHasy II, moBbIIaeT 3KCHPECCHI0 TIIyTaMHHA3bl U
MeMOpaHHBIX TPaHCIOPTEPOB IIIyTaAMHUHA, CIIOCOOCTBYS
miyTamuHONIu3y [12]. DToT MeTabomuueckuil myTh MPUBO-
JIT K TeHepaIiy 0-KeTorTyTapaTa, OMOIHSIOMETO UK
TCA (tricarboxylic acid cycle) B aHAmIEepOTHYECKOM TIPO-
Lecce, MO3BOJIsAsA MCIIOIb30BaTh MUTOXOHIPUANIBHBIN LHU-
TpaT U1 CUHTEe3a JIMINI0B. BoobaBok cam a-keTormyrapar
MOXKET CIYXKHTh NPENIICCTBEHHUKOM JUISi CHHTE3a TOJIU-
aAMHMHOB, KOTOPBIE UTPAIOT BaKHYIO poib B cuHTe3e JJHK
U TIpoliecce peruiuKanuy. Taxke TPaHCKUTIIIHOHHBIN (ak-
Top c-Myc Hy>keH A noanepkanus 0ananca mexay Thl7
u Foxp3*Treg knerounoii auddepennuanueii. c-Myc yua-
crByeT B peanmzarnmu IL-2 onocpenosannoro PI-3K/Act/

scientific articles available in the information retrieval
system PubMed.

c-Myc u HIF-1a

T cells are in constantly changing conditions of
microenvironment and oxygen supply. They are able
to adapt to the changing conditions by triggering the
modulation of metabolic processes through the signaling
mechanisms. This allows cells to survive and perform
their functions. The transcription factors c-Myc n HIF-
la coordinate the expression of genes involved in the
formation of intermediates. These intermediates serve as
substrates to ensure high proliferation of the effector T
cells during clonal expansion [9].

The c¢c-Myc transcription factor is induced by
TCR signaling and it is absolutely necessary for the
reprogramming of activated T cells. It is considered
that c-Myc induces the expression of AP4 (activator of
protein 4), which provides a c-Myc-initiated transcription
program in order to maintain T cell clonal expansion
[10]. Expression of c-Myc facilitates aerobic glycolysis
and glutaminolysis and coordinates these metabolic
pathways with the synthesis of lipids, amino acids, and
nucleotides [4, 9]. Glycolysis and glutaminolysis are
critical for the proliferation of the effector Thl1,2,17
populations and for the balance between Th and Treg
cells [5, 11]. Factor c-Myc activates the transcription of
glycolytic genes, including Glut1, lactate dehydrogenase
A (LDHA), pyruvate kinase M2 (PKM2) and hexokinase
II. C-Myec also increases the expression of glutaminase
and membrane glutamine transporters, contributing to
glutaminolysis [12]. This metabolic pathway leads to
the generation of a-ketoglutarate, which replenishes the
TCA cycle (tricarboxylic acid cycle) in the anaplerotic
process, allowing the usage of mitochondrial citrate for
the lipid synthesis. In addition, a-ketoglutarate itself can
serve as a precursor for the synthesis of polyamines,
which play an important role in the DNA synthesis
and replication processes. Also, the transcription factor
c-Myc is needed to maintain the balance between Th17
and Foxp3™Treg cell differentiation. In particular, c-Myc
is involved in the implementation of IL-2 mediated
by PI-3K/Act/mTOR (phosphatidylinositol-3 kinase/
Act, protein kinase B/mammalian target of rapamycin)
signaling pathway, resulting in an increase in Thl7
differentiation [13]. It was found that c-Myc deficiency
leads to a decrease in Th17 differentiation by increasing
the expression of PTEN (phosphatase and tensin
homologue), a negative regulator of Act. [14]. The
removal of c-Myc in CD4" T cells inhibits the PI-3K-
mTOR signaling pathway and facilitates expression
of Foxp3 and thereby the formation of Treg cells [13].
Although activated T cells require c-Myc activity,
which is necessary for modulating the generation of
effector and regulatory T cells and their functioning,
c-Myc expression is not constantly maintained after the
transition of T cells into the active state [9].
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mTOR (phosphatidylinositol-3 kinase/Act, protein kinase
B/mammalian target of rapamycin) cHrHaJIBHOTO Iy TH, YTO
B pe3yibTare mpuBoAMT K moBbieHnto Th17 muddepen-
nuaruu [13]. YeranosneHo, uto aedunut c-Myc BeaeT K
camwkennto Thl7 muddepeHnmanuy myTeM MOBBIIICHUS
skcrpeccunt PTEN (phosphatase and tensin homologue),
HeratuBHOro perymnsaropa Act [14], a ynanenue c-Myc B
CD4" T xuerkax uaruoupyet PI-3K-mTOR curnanbHbIi
IyTh U CHOCOOCTBYET MOBBIIICHUIO KcIpeccuu Foxp3 u
TeM caMbIM (hopmupoBarmio Treg xierok [13]. Xorsa ax-
TUBHpYeMble T-KJIETKH HY>KAAIOTCS B aKTUBHOCTH c-Myc,
HEOOXOAMMOH /17151 MOAYJISILIMU TeHEepUpOBaHus 3 deKTop-
HBIX U PETYIATOPHBIX T-KIETOK U NX (QYHKIIMOHUPOBAHUS,
JKcrpeccus c-Myc He Moiep >KUBaeTCsl MOCTOSTHHO Toce
repexona T-KJIeToK B akTUBHOE cocTosiHuE [9].

HIF-1a (hypoxia inducible factor-1a), kak u c-Myc, sB-
JISIETCSl TPAHCKPUIILIMOHHBIM (PAKTOPOM, KOTOPBIA aKTHBHU-
poBaHHBIE T-KIETKH SKCIPECCUPYIOT B YBEINYEHHOM KO-
smuuectBe [15]. OH HeoOXomuM it METa0OJIMUYECKU aK-
TUBHBIX 3P (PEKTOPHBIX KIETOK, HO 32 CKOPOCTh KJIETOYHO-
O JIeTIieHNs B Tporiecce nponudeparyn T-KIeTok oTBeya-
et e HIF-10, a c-Myc [9]. HIF-1a sBasiercst perynsitop-
HOH, 3aBUCHMOM OT KHCIIOpoJa CyObeIUHULECH TeTepoiu-
MepHoit Monekynbsl HIF-1, apyriuM KOMIIOHEHTOM KOTOPOM
CITyXHT TOCTOSIHHO dKcrpeccupyemas cyobennanna HIF-
1B. B mpucyTCTBUU KUCIOPOIAa TPOUCXOANUT TUAPOKCHITH-
pOBaHME ABYX OCTaTKOB IPOJIMHA B IOJIUIEITHIHON LEenH
HIF-lo mon peiicTBUEM »Kele30-3aBUCUMOM MHpOni-4-
rugpokcmiasel (PHD, prolyl-4-hydroxylase), uto cnoco6-
cTByeT cBsi3biBaHUIO ¢ Oesikom VHL (von Hippel-Lindau) u
MIPUBOJIUT K YOMKBUTHH OMOCPETOBAHHOW MPOTEACOMHOM
nerpagaru HIF-1a [16]. Mmes Beicokyro Km k kucmopo-
ny, PHD siBnsieTcs mpeBOCXOJIHBIM KUCJIOPOJHBIM CEHCO-
pom. Kpome Toro, B peakuy THAPOKCUIMPOBAHUS C ya-
ctueM PHD pacxomyercst a-keTormyTapaTr mepexoisiui
B CyKUMHaT, 00a siBisitoTcs uHTepMenuatamu TCA 1uk-
J1a, UHTEHCUBHOCTH pab0Thl KOTOPOTO 3aBUCHT OT CKOPO-
ctu okucnerns rmoko3sl, OXPHOS u morpebnenus kuc-
JIopojia. DTO O0YCIIaBIMBACT HETATHBHYIO PETYIISAINIO aK-
tuBHOCTH PHD BBICOKMMM BHYTpPHKIETOUHBIMH KOHIICH-
TpPaUMsIMH CyKIMHATA U MHUTOXOHAPHAIBHOM MPOMYKIHU-
eit ROS [17]. [Apyrum BapraHTOM SIBISIeTCS TUAPOKCHUIH-
pOBaHME IO OCTaTKaM acliaparhHa, 4To OJIOKHPYET KOM-
miektoBanne ¢ p300/CBP u momonmHUTEIHHO JIMMUTHPY-
eT HIF-1a aktuBHOCTS [18]. B yCI0BHSIX THIIOKCUM aKTHB-
HOCTh 00OMX THIIOB I'MIPOKCHIIA3 MHIHOMPYETCSl U MoJie-
kyna HIF-lo ocraercs cradunenoi. HIF-lo perymsrop-
HbIe CyObeIMHMIIBI HAKATUTUBAIOTCS B LIUTO30JIE U TIepeMe-
LIAFOTCS B PO, T1e oHM cBsi3biBaroTes ¢ HIF-1 u kodak-
topamu CBP u p300, 00pa3yst akTHBHBIN TPaHCKPHUIIITHOH-
He1i dakTop HIF-1, KOTOpBIil HHAYIIMPYET TPAHCKPHUTIITHIO
TeHOB-MHIICHEH, OOyclaBiuBas M3MEHEHHE KIIETOYHOIO
MeTabosu3Ma U BHEKJIIETOYHOTO MUKPOOKpYxkeHus [19].

I'ensbl, aktuBupyembie HIF-1, MOXHO yCITOBHO pa3aennTh
Ha TpH (PYHKIMOHAJIBHBIE TPYTIIHI, KOMUPYIOIINE pa3iInd-
wele Oenku [20]. IlepBas rpymmma BkIO9aeT OCIKH, yda-
CTBYIOLIME B 3PUTPOIO33€ M TaKUM O0pa3oM YIydIlaro-

HIF-la (hypoxia inducible factor-la), like c-Myec,
is a transcription factor expressed by the activated T
cells in an increased amount [15]. It is necessary for
the metabolically active effector cells. But HIF-la is
not responsible for the rate of cell division during the
proliferation of T cells, for this c-Myc is in charge [9].
HIF-1a is a regulatory, oxygen-dependent subunit of the
heterodimeric HIF-1 molecule, the other component of
which is the constantly expressed HIF-1§ subunit. In the
presence of oxygen, two proline residues in the HIF-
la polypeptide chain are hydroxylated under the action
of iron-dependent prolyl-4-hydroxylase (PHD). This
facilitates the binding to the VHL protein (von Hippel-
Lindau) and leads to ubiquitin-mediated proteasome
degradation of HIF-la [16]. Having a high Km to
oxygen, PHD is an excellent oxygen sensor. Moreover,
in the hydroxylation reaction with the participation of
PHD, o-ketoglutarate is converted to succinate and
both are intermediates in the TCA cycle, the intensity
of which depends on the rate of glucose oxidation,
OXPHOS and oxygen consumption. This determines a
negative regulation of PHD activity by high intracellular
succinate concentrations and mitochondrial ROS
production [17]. Another option is hydroxylation of
asparagine residues, that blocks forming complex with
p300 / CBP and additionally limits HIF-1a activity [18].
Under hypoxic conditions, the activity of both types
of hydroxylases is inhibited and the HIF-1a molecule
remains stable. HIF-1a regulatory subunits accumulate
in the cytosol and move to the nucleus, where they bind
to HIF-1B and cofactors CBP and p300, forming the
active transcription factor HIF-1. The latter in its turn
induces transcription of target genes, causing a change
in cell metabolism and extracellular microenvironment
[19].

The genes activated by HIF-1 can be conditionally
divided into three functional groups encoding different
proteins [20]. The first group includes proteins involved
in erythropoiesis, and thus improving oxygen delivery to
tissues: erythropoietin, transferrin, transferrin receptor,
and others. The second group includes proteins that
locally improve the delivery of oxygen to tissues: a
protein that induces the synthesis of nitric oxide, and
vascular endothelial growth factor. The third group
consists of proteins necessary for adapting cellular
metabolism to conditions of oxygen deficiency: glucose
transporters and majority of glycolytic enzymes.

During the period of T-cell differentiation, HIF-1a
increases the intensity of glycolysis [9], contributing
to an increase in Thl7 cell differentiation, while
decreasing the differentiation in Treg cells, mainly using
FAO [21]. In addition, HIF-1a regulates the action of
effector molecules, increasing the activity of RORyt and
suppressing Foxp3, which are transcription factors of
Th17 and Treg cells, respectively [22]. Ligand-dependent
nuclear membrane receptors AhR (aryl hydrocarbon
receptor) and LXR (liver X-receptor) also participate in
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LI1€ JOCTAaBKY KHCJIOpOJa TKaHsAM: S)PUTPOIIOITHH, TPaHC-
(beppuH, peuentop x Tpancheppuny u apyrue. Ko Bropoit
IpymIe OTHOCATCS OENKH, JIOKAIbHO YIydYIIaloIinue J0-
CTaBKy KHCJIOPOJa TKaHAM: O€JIOK, MHIYyIHUPYIOIINNA CHH-
Te3 OKCHJIA a30Ta, U COCYIUCTBIN 3HIOTEIHANBHBINA (aK-
TOp pocta. B TpeThio rpymiy BXogsT Oenku, HeoOXoIuMbIe
JUISL aJanTalnyy KIETOYHOTO MeTaboIi3Ma K YCIIOBUSIM He-
XBaTKH KHCJIOPO/Ia: TPAHCIIOPTEPHI TIFOKO3bI U OONBIINH-
CTBO IJIMKOJIMTHYECKUX (DEpPMEHTOB.

B nepuon T-xrerounoi quddepentmarun HIF-1o yBe-
JIMYMBAET WHTEHCUBHOCTh TIHUKOIM3a [9], CIOocOOCTBYS
noBbitieHnto Th17 kierounoit auddepernnanym, omxHo-
BpPEMEHHO CHWXas nuddepeHunanuio B Treg KIETKH, B
ocHOBHOM wucnoib3ytone FAO [21]. Bao6asoxk HIF-1a
perynmupyeT aercTBre 3PQPEKTOPHBIX MOJICKYJ, TTOBBIIIAS
aktuBHOCTHE RORYt 1t momasiisist Foxp3, KOTOpBIE SBIISIOTCS
TpaHCKPUMIIUOHHBIMH (pakTopamu Th17 u Treg kneToxk co-
oTBeTCTBeHHO [22]. B xonTpone T-knerounoit auddepen-
LUAlMK TaKKe Y4YacTBYIOT JIUTAHJ]| 3aBHCHMBIE PELENTO-
pHl sinepHoit MemOpanbl AhR (aryl hydrocarbon receptor) u
LXR (liver X-receptor). DumorenusiM siurangoM AhR ciry-
JKUT TIPOIYKT pacrana Tpuntopana kuaypeHnH (Kyn), xo-
TOpBIH criocoOcTByeT cBsi3biBaHMi0 AhR ¢ HIF-1, BBI3EI-
Bas ero qumepusanuio ¢ HIF-1a u nocnenyrontyro akTuBu-
3alUI0 TPAHCKPUIIIIMOHHOTO (haKTopa, 00ycIaBIrBas BIU-
ssare Ha auddepennnanuio T-kinetok [23]. OKcHcTeposl,
JlepuBaThl XoJiecTepolia, sipisitores auraniaMmu LXR, urpa-
IOIIETO BaXHYIO PO B PErYISIMHA METa0OoJIM3Ma JIUITH-
noB. LXR omnocpenoBaHHbIN CUTHAJIUHT OKA3bIBAaCT HeEra-
tuBHBIN 3¢ ekt Ha Thl7 auddepenunanmro, a Takxke Mo-
JaBJsIeT Mposmdepanuio mocie aktupanun T-ki1etok [24].
Camu HIF-1 u LXR ciry>xat MUIIEHSIMH TPOTEHHOBOH Jie-
artetraszel SIRT1, neaneTrnmmpytomee neicTBIE KOTOPOA
nosbimaeT LXR u camxaer HIF-1 aktuBHOCTH [25]. Yuu-
ThIBast, 4To Bce 3Th Monekyibl (AhR, HIF-1, LXR, SIRT1)
BoBJieYeHBI B nuddepennpanuio Thl7 u Treg kiaeTok, oHI
MOTYT OKa3bIBaTh MEPEKPECTHOE BIHMSHUE APYr Ha JIpy-
ra M CrmocoOcTBOBATh BapHaOEIbHOCTH KIETOYHOTO OTBE-
Ta Ha MeTaOOMMYECKHe CHTHAIBI U M3MEHEHHE MUKPOO-
KpyxeHus kinerok. Kpome toro, crumymsanus TCR cymre-
CTBEHHO MoBblmIaeT skcnpeccuto HIF-1o B akTuBupoBaH-
HbIX T-KII€TKaX ak€ B YCJIOBHUSX HOPMOKCUM. MeXaHu3M
atoii perymsiimu cBsizad ¢ mTORCI (mammalian target of
rapamycin complex 1) MpoTEHHOBBIM KOMIUIEKCOM U TaK-
JKe MOYKET OBITh OCYIIIeCTBIIEH uepe3 aktuBaiuio PHD, nn-
tepmenuarsl TCA u ROS [26]. Xots ROS paccmarpusa-
IOTCSI KaK TOOOYHBIH MPOLYKT MHUTOXOHIPHAIILHOTO Me-
Tabonm3Ma, oOpasyloIMics MpH padoTe IEKTPOHTpaH-
crnioptroii iern (ETC, electron transport chain), oHu Bech-
Ma 3HAYMMBI JUTS PETpOrpaMMHPOBAHUS AKTHBHPOBAH-
HbIX T-xireTok. YcranoBneHo, uto aedumut RISP (Rieske
iron sulfur protein), HereMoBoro GejrKa MUTOXOHAPHAIb-
Horo komruiekca III, mpuBomuT k Hapymenuto ROS cur-
HaJIMHTa ¥ OCJIA0NISIeT aKTUBALIMIO U KIIOHAIBHYIO DKCITaH-
cuto T-ketok [27]. C apyroii ctoporsr, LEM (lymphocyte
expansion molecule) cradummsupyet 6ermxn ETC 1 cioco6-
CTBYET MUTOXOHApHUaNIbHON npoaykiuu ROS, Tem cambiM

the control of T cell differentiation. The product of the
breakdown of tryptophan - kynurenine (Kyn) serves as
endogenous ligand to AhR. It facilitates the binding of
AhR to HIF-1f by inducing its dimerization with HIF-
la and subsequent activation of the transcription factor,
causing the differentiation of T cells [23]. Oxysterols,
cholesterol derivatives are ligands of LXR, which plays
an important role in the regulation of lipid metabolism.
LXR-mediated signaling has a negative effect on Th17
differentiation, and also inhibits proliferation after
activation of T cells [24]. HIF-1 and LXR themselves
serve as targets for SIRTI protein deacetylase, the
deacetylating effect of which increases LXR and
reduces HIF-1 activity [25]. Considering that all these
molecules (AhR, HIF-1, LXR, SIRT1) are involved
in the differentiation of Th17 and Treg cells, they can
have a cross effect on each other and contribute to the
variability of the cellular response to the metabolic
signals and changes in the microenvironment of cells.
Moreover, stimulation of TCR significantly increases
the expression of HIF-1a in the activated T cells even
under normoxia conditions. The mechanism of this
regulation is associated with mTORC1 (mammalian
target of rapamycin complex 1) protein complex and
can be realized through PHD activation or by means of
TCA and ROS intermediates [26]. Although ROS are
considered as a by-product of mitochondrial metabolism,
formed during the operation of the electron transport
chain (ETC, electron transport chain), they are very
significant for the reprogramming of activated T cells. It
was found that the deficiency of RISP (Rieske iron sulfur
protein), a non-heme protein of mitochondrial complex
I1I, leads to disruption of ROS signaling and weakens
the activation and clonal expansion of T cells [27]. On
the other hand, LEM (lymphocyte expansion molecule)
stabilizes ETS proteins and supports mitochondrial
ROS production, thereby increasing the proliferation of
CDS8* T cells [28]. Intracellular succinate affects both
the generation of ROS, as a TCA intermediate, and the
activation of HIF-1la, because after TCR stimulation,
the level of succinate increases due to the anaplerotic
pathway of its formation from glutamine, which leads to
stabilization of HIF-1a [17].

AMPK and mTOR

The signaling molecules AMPK (adenosine
monohposhpate-activated protein kinase) and mTOR
(mammalian target of rapamycin) are the direct
coordinators of the cell metabolic status, and their
activation directly affects the T-cell immune response.
AMPK has a high affinity to adenosine mono- and
diphosphates (AMP, ADP) and acts as a sensor of the
bioenergetic status of the cell [29]. The AMPK molecule
is an afy heterotrimer and is activated through connection
of AMP (ADP) to the y-subunit and phosphorylation
of the catalytic o subunit by the signal kinases LKB1
(liver kinase B1) and CAMKK?2 (Calcium / calmodulin-
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noBbimast nponudepanuo CD8" T-knetok [28]. BayTpu-
KJICTOYHBIA CyKIIMHAT BIUsAET U Ha TeHepamuio ROS kak
natepmenuar TCA, u Ha aktuBauuio HIF-1o, mockombky
nocie crumyssinnu TCR ypoBeHb cyKuyHaTa HOBBILIAETCS
3a CYET aHAIUIEPOTUYECKOTO ITyTH €ro 00pa30BaHus U3 IIy-
TaMHHA, 9TO BeJeT K crabmim3anuu HIF-1a [17].

AMPK 1 mTOR

CurnanbHbIe MOJIEKYITBI AMPK (adenosine
monohposhpate-activated protein kinase) m mTOR
(mammalian target of rapamycin) sSBISFOTCS HETOCpPEa-
CTBEHHBIMH KOOPAMHATOPaMH METabOJMYECKOTO CTa-
Tyca KIJIETOK, a WX aKTUBAalMs HampsAMyl0 BIHAET Ha
T-xnerounsii uMMyHHBIH 0TBeT. AMPK mmeer BbICOKYIO
adppuHHOCTH K aneHo3uHMOHO- M audocdaram (AMP,
ADP) u BrICTymaeT ceHCOpOM OMOIHEpPTreTHYECKOro CTa-
Tyca kietku [29]. Monekyna AMPK npencrasnser co-
0011 offy reTepoTprMep U aKTUBUPYETCS IIyTEM IPUCOEIH-
Hernss AMP(ADP) k y-cyowenununie u gochopunrposa-
HUS KaTAINTHYECKON O-CyOBeTUHHIIBI CUTHAIBHBIMUA KH-
Hazamu LKB1 (liver kinase B1) m CAMKK2 (Calcium/
calmodulin-dependent protein kinase kinase 2). Jlaxe He-
3HAYUTENbHOE NOoBbIIeHHE cooTHOIeHuss AMP/ATP npu-
BoauT Kk aktuBauuu AMPK nocpenctsom LKB1 [30], B TO
Bpemst kak CAMKK?2 axtuBupyer AMPK BHe 3aBucumo-
ctu ot ypoBHsI AMP B otBeT Ha cTumymsiiio TCR u cro-
COOCTBYET YBEIMUCHHIO MIPOAYKIIUU SHEPTUM HECMOTPS Ha
HMMEIOLLIUECS SHEPreTHUecKue pecypesl Kietku [31]. Ak-
tuBHOCTH AMPK Bakna nns pynxumnonuposanust FAO 3a-
BUCHMBIX Treg KIIETOK, IIOCKOJIBKY CIIOCOOCTBYET MOBBIIIIE-
HUIO0 YTHJIM3AIUH KAPHBIX KucioT [21]. Ognako, AMPK
HE WrpaeT pemaroniei pomu ms npoiudepannn dPpdex-
TopHbIX T-kieTok, a LKB1-AMPK curnaivar MoxeT He-
TaTUBHO PEryaupoBarh 3)(EKTOPHYIO (PyHKIUIO IUTOTOK-
cuyeckux T-kierok uepes nuarnouposanre mTORCI1 [32].
AMPK nanpsimyto pocopunmpyer dcceHraIbHbIe KOM-
noreHTsl MTORCI, Takue xkak TSC2 (tuberous sclerosis
complex 2) u panrop (raptor), 9To BeAET K MHAKTHBALHH
mTOR onocpenoBaHHBIX KIETOYHBIX MpoiieccoB [33].

B otimnuue or AMPK, siBnstronieiicst ctpaxem sHeprosa-
TpartHbIX nponeccoB, mMTOR paccmarpuBaeTcst Kak ceHCop
BBICOKOTO SHEPIreTHYECKOTr0 M HyTPUEHTHOTO 00eCTIeUeHHST
knetku. TCR/PI-3K/Akt curHaNBHBIH MyTh AKTUBHPYET
(dhynaxmmonansHEIH KoMruieke mTORC1, KOTOpBIH TIOT0XKH-
TEJIHO PEryIUPYeT IIMKOJIN3, OEIKOBBIE CHHTE3bI, POCT U
nponudepanuto T-kinerok [34, 35]. Kunaza Akt unru6upy-
et kommieke TSC1/2 — neraruBubiii perynsatop mTORCI,
TeM cambiM cTuMysupytorcss mTOR-3aBucumMble mporec-
Cbl TPAHCKPHIIIMH W TIOCTTPAHCISIIMOHHOW Moan(puKa-
muu. C Ipyroi CTOPOHBI, IPOJIOHTNPOBAHHASI AKTUBHOCTD
Akt, a taxoke nedexrt wm generust TSC1 BexyT T-knetkn
K BBIXOZly M3 COCTOSIHUSI TTOKOSI M CIIOCOOCTBYIOT TOBBIILIE-
HUIO CKOPOCTH aronTo3a U THUIEPaKTUBHOMY OTBETY Ha
ctumyssiiuio TCR [36]. Bno6asok, TCR-omocpenoBanHas
aktuBanusi PI-3K/Akt mytm cHmxaer perymsmmio IL-
7Ra, a IL-7 abcomoTHO HEOOXOMUM JUIS MPEXyTIpeKie-
HUSI allONTO3a U BBDKMBAEMOCTH ITyJ1a HauB-HbBIX T-KIEeTOK

dependent protein kinase kinase 2). Even a slight increase
in the AMP / ATP ratio leads to the activation of AMPK
by means of LKBI1 [30], while CAMKK?2 activates
AMPK regardless of the level of AMP in response to
TCR stimulation and contributes to an increase in energy
production despite the availability of the cell energy
resources [31]. AMPK activity is important for the
functioning of FAO dependent Treg cells, as it increases
utilization of fatty acids [21]. However, AMPK does not
play a decisive role in the proliferation of effector T cells,
and LKB1-AMPK signaling can negatively regulate the
effector function of cytotoxic T cells through inhibition
of mTORC1 [32]. AMPK directly phosphorylates
the essential components of mTORCI1, such as TSC2
(tuberous sclerosis complex 2) and raptor, which leads to
inactivation of mTOR-mediated cellular processes [33].

Unlike AMPK, which ensures energy-consuming
processes, mTOR is considered as a sensor of high energy
and nutrient supply of the cell. TCR/PI-3K/Akt signaling
pathway activates the mTORC1 functional complex,
which positively regulates glycolysis, protein synthesis,
T cell growth and proliferation [34, 35]. Akt kinase
inhibits the TSC1/2 complex — a negative regulator
of mTORCI, thereby stimulating mTOR-dependent
processes of transcription and post-translational
modification. On the other hand, prolonged Akt activity,
as well as a defect or deletion of TSC1, provokes T cells
to leave a resting state and contribute to an increase in
the apoptosis rate and a hyperactive response to TCR
stimulation [36]. In addition, TCR-mediated activation
of the PI-3K/Akt pathway reduces the regulation of
IL-7Ra, and IL-7 is absolutely necessary to prevent
apoptosis and to the survival of a pool of naive T cells
[37]. The metabolite adenosine can bind and activate
cAMP-dependent protein kinase A, which suppresses
TCR-mediated activity of the PI-3K signaling pathway
and inhibits down regulation of IL-7Ra [38]. Another
limiting factor is the negative regulation of Akt by the
PTEN phosphatase, which catalyzes the split of the
phosphate group from the PIP3 inositol ring, thereby
inhibiting Akt activation. PTEN reduces expression of
transporters and glucose utilization by cells (glycolysis),
inhibits the development of CD4 and CDS8 T cells, and
completely suppresses NK T cells [14]. Both Akt and
mTOR contribute to aerobic glycolysis and support
differentiation of effector T cells, their growth and
functions [34, 39]. Akt regulates the expression of
nutrient transporters and can phosphorylate the glycolysis
enzyme hexokinase II, leading to its localization on the
mitochondrial membrane and to enzymatic activity [39].
mTORCI increases the rate of protein synthesis through
phosphorylation of 4E-BP1 protein (eukaryotic initiation
factor 4E-binding protein 1) that binds the eukaryotic
translation initiation factor elF-4E and ribosomal kinase
p70S6, and facilitates lipogenesis through SREBP2
(sterol regulatory element-binding protein 2) [39].
Activation of mTORCI is absolutely necessary for the
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[37]. MeTabonuT aicHO3MH MOXKET CBSI3bIBATHCS M AKTH-
BHUpoBaTh CAMP 3aBHcHMYyIO IPOTEUH KHMHa3y A, KOTOpas
nonasisieT TCR-omocpenoBannyro aktuBHOCTH PI-3K cwur-
HaJIbHOTO IMyTH W MPEnATCTBYeT AayH-peryisiunu [L-7Ra
[38]. Hpyrum crepkuBaromnM (pakTopoM SIBIISETCS Hera-
tuBHas perymsinus Akt docdarazoit PTEN, xoropast ka-
TaIU3UpyeT oTierienne GochaTHol Ipynnbl OT WHO3H-
TojbHOTO Konblia PIP3, mpensTcTBYs TeM caMbIM aKTH-
Baiuu Akt. PTEN cHikaeT 3KCIpeccrio TPaHCIIOPTEPOB
Y YCBOEHHE TITIOKO3BI KJIeTKaMH (TJIMKONIN3), CIEPKUBACT
pazsutue CD4 u CD§ T-K1E€TOK U MOJHOCTBIO MOAABIIS-
et NK T-xiretku [14]. O6a, Akt u mTOR, criocoGcTByrOT
a’pOOHOMY DJIMKONU3Y W TOIACPKUBAIOT TUPQEpeHIH-
a0 3ddexropHpix T-kineTok, X poct U GyHKuuuU [34,
39]. Akt perymupyeT 3KCIPECCUI0 HYTPHEHTHBIX TpaHC-
TTIOPTEPOB B MOKET PochoprnpoBars PepMEHT TITHKOIH-
3a rekcoknHa3y II, cocoOcTBys e€ mokamu3au Ha MU-
TOXOH/IpHAJIBbHOW MeMOpaHe M 3H3MMaTHUECKOM aKTHB-
HoctH [39]. mTORCI1 moBbIIaeT CKOPOCTh CUHTE3A MPO-
TerHOB 4epe3 ¢ochopumuposanre 4E-BP1 (eukaryotic
initiation factor 4E-binding protein 1) Genka, cBs3bIBarO-
IIeTO AYKAPUOTHYECKUH (HDaKTOp MHUIMALINN TPAHCIISIIH
elF-4E u pubocomanbhyto kuna3y p70S6, u crocoOcTBy-
et siunorenesy yepe3 SREBP2 (sterol regulatory element-
binding protein 2) [39]. AxtuBaiust mMTORCI1 aGcomtoTHO
HeoOxonuma Juts auddeperuuaruu ddpdexropusix Thl u
Th17 T-xmerox, a mMTORC2 — must Th2 [40]. CaepxuBa-
Hue mTORCI1-akTUBHOCTH XapakTepHO i T-KJIeTok ma-
MSITH, YTOOBI COXPaHUTH COCTOSIHUE ITOKOSI, B KOTOPOM OHH
UCIonb3yIoT npeumyiectenno FAO, xots u FAO, u mu-
KOJIM3 TOBBILIAIOTCS, KOT/Ia KJIETKA IIOBTOPHO PEAKTUBUPY-
eTcst anTureHom [41].

Anernii-CoA u NAD*

AUeTHIMpoBaHEe TIPOTEHHOB SBISIETCS ONHUM U3 00-
IUX TyTed MOCTTPAaHCIAIMOHHON Momudukanuu (PTM,
posttranslational modification) u BiIusSHHUSA Ha KJIETOYHBIH
MeTabomu3Mm. Tak, alneTWiInpoBaHWE TUCTOHOB BBICTYIIA-
eT KaK CCCHIMANbHBIA TUTCHETHUECKUI PEryssTop, Be-
JeT K W3MEHEHHIO DKCTIPECCHH IUTOKWHOB W BIWSET Ha
TUHAMUKY T-KIeTOYHOW nuddepeHnranim, a aneTi-
pOBaHME HETMCTOHOBBIX OEJIKOB y4YacTBYET B PEryJISALUH
Pa3MUHBIX KJIETOUHBIX mporeccoB uepe3 PTM ¢epmen-
TOoB Meraboymyeckux myrteil [42]. Auetmin-CoA (acetyl-
coenzyme A), TIOCTaBIISET alleTHIbHBIE TPYTITHI alleTHII-
TpaHc(hepasaMm, a ero BHYTPUKIETOYHBIA ITyd OMpeaems-
€T MeTabOMYECKHN CTAaTyC KJIETKH. 3HAYUTEIBHOE KOJIH-
yectBo aueTwi-CoA oOpasyercss B MEUTOXOHJAPHH, TJIaB-
HBIM 00pa3oM U3 JAepHBaTa [JIIOKO3bI IHPYBaTa U JKUPHBIX
KHucHoT U pacxonyercss B TCA s mpou3BOACTBA IHEp-
rud. Llurpar u arerar sBJISIFOTCS OCHOBHBIMU MCTOYHUKA-
MU aneTii-CoA B ITUTO3071€ KIIETKH, TJIe OH UCTIOIb3YeTCS
KaK CyOCTpar Jijisl CHHTEe3a JIMIUIO0B ¥ Kak JOHOD alleTHIIhb-
HBIX TPYIIII IS alleTUITUPOBAHMS LIMTO30JIBHBIX | SIICPHBIX
oenxoB. [Tocne crumynsiiuu TCR meTabonuueckoe pernpo-
rpaMMHpPOBAaHUE TMPHUBOJUT K TOBBIIICHUIO YPOBHS IH-
TO30JILHOTO IHTpara M kojmdectBa NAD™, 4To Oka3bIBa-

differentiation of effector Thl and Thl7 T cells, and
mTORC2 — for Th2 [40]. The memory T cells suppress
mTORCI activity in order to maintain a resting state in
which they use mainly FAO, although both FAO and
glycolysis increase when the cell is re-reactivated by
antigen [41].

Acetyl-CoA and NAD*

Protein acetylation is one of the common mechanisms
of post-translational modification (PTM,) and cell
metabolism regulation. Thus, histone acetylation acting
as an essential epigenetic modulator leads to alterations
in the expression of cytokines and affects the dynamics
of T cell differentiation. While acetylation of non-
histone proteins is involved in the regulation of various
cellular processes through PTM of metabolic pathway
enzymes [42]. Acetyl-CoA supplies acetyl groups to
acetyltransferases, and its intracellular pool determines
the metabolic status of the cell. A significant amount
of acetyl-CoA is formed in mitochondria, mainly from
the glucose derivative of pyruvate and fatty acids and
is consumed in TCA for energy production. Citrate
and acetate are the main sources of acetyl-CoA in the
cell cytosol, where it is used as a substrate for lipid
synthesis and as a donor of acetyl groups for acetylation
of cytosolic and nuclear proteins. After stimulation of
TCR, metabolic reprogramming leads to an increase
in the level of cytosolic citrate and the amount of
NAD+ which has a direct effect on the fate of T cells
through the control of transcription factor activities
[43]. In particular, the activity of Foxp3 transcription
factor directly involved in the development of Treg
cells is controlled by histone acetyltransferases (HATS)
and sirtuin-1 deacetylase (SIRT1) [42, 44]. Histone
acetyltransferases act differently with respect to Foxp3:
HAT TIP60 forms a complex with it, suppressing
transcriptional activity, while HAT p300 acetylates
Foxp3, increasing the molecular stability of the protein
[42]. SIRT1 deacetylates and inhibits Foxp3, which can
lead to suppression of Treg differentiation [44]. The
sirtuin family deacetylases (SIRTs) are NAD™ dependent
enzymes that play an important role in cell survival and
metabolism. They act as a cell redox sensor. Unlike
liver cells, which can synthesize NAD" from tryptophan
de novo, lymphocytes use salvage synthesis pathway
relying only on the vitamin source of nicotinamide.
The intracellular concentration of NAD™ affects the
enzymatic activity of SIRTs [43]. The competitor of
SIRTs for intracellular NAD" is PARP-1 (poly (ADP-
ribose) polymerase-1). PARP-1 activity increases after
T cell activation, depleting the NAD" pool in the cell,
which limits the functional activity of SIRTs [45]. On
the contrary, AMPK is able to increase the level of
intracellular NAD" and thereby positively affects the
activity of SIRT1, forming a feedback loop with it, by
which AMPK facilitates the production of NAD*, and
SIRT1 in its turn leads to the activation of AMPK [25,
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eT TpsIMOE BJIMsIHUE Ha cyabOy T-KJeTok dyepe3 KOHTPOIIb
AKTHBHOCTH TPAaHCKPUMLIMOHHBIX QakTopoB [43]. B vacT-
HOCTH, aKTHBHOCTH (hakTopa TpaHckpumiuu Foxp3, He-
[IOCPEJCTBEHHO YYacTBYIOIIErO B PAa3BUTHM Treg KIETOK,
KOHTPOJMPYETCS THCTOHOBBIMHM aueTHATpaHchepazaMu
HATs (histone acetyltransferases) u geaneruiasoi cupTy-
uH 1 (SIRT1) [42, 44]. ['ucToHOBEIEC aneTUATpaHC(Epa3bI
JEHCTBYIOT pa3HOHamnpaBieHo B oTHomieHUH Foxp3: HAT
TIP60 hopMupyeT ¢ HUM KOMIDICKC, TIOIABIISISt TPAHCKPHII-
LIMOHHYIO aKTUBHOCTH, B TO BpeMs kak HAT p300 aneru-
mupyetr Foxp3, moBbliasi MOJEKYISPHYIO CTaOMIIBHOCTD
Oenka [42]. SIRT1 npeauetnnupyer u uHruOupyer Foxp3,
YTO MOKET MPUBOAMTH K cymnpeccun Treg nuddepennna-
uuu [44]. Heanermnaspl cemeiicta cupTyuHoB (SIRTs) sB-
nsitorest NAD' 3aBucumbIiME hepMeHTaMu, KOTOpPbIC UTpa-
10T BXKHYIO POJIb B KJIETOYHOM BBIKMBAEMOCTH U METabo-
JIM3ME, B TOM YHCJIE BBINONHSSA (YHKLHIO CEHCOPA PEIOKC
craryca KiIeTKu. B omamume ot T-KIeTOK medeHu, KOTo-
pble MoryT cuHTe3upoBath NAD™ u3 tpunrtodana de novo,
TUM(OLUTBI UCTIONB3YIOT MyTh CHHTE3a cOepeKeHusl, Mo-
JIarasich TOJBKO HA BUTAMHUHHBIM HCTOYHMK HUKOTHHA-
muna. BHyTpukierouHas koHIeHTpaims NAD™ Biwmser
Ha sH3uMaTudeckyro akTuBHOCTH SIRTs [43]. Konkypen-
toM SIRTs 3a BHyTpukierounsiii NAD™ sasnsercss PARP-
1 (poly(ADP-ribose)polymerase-1). AxruBHocts PARP-1
BO3pacTaet nocie T-KJIeTOYHOM aKTHBAIMH, UCTOIIAs My
NAD" B KJIeTKe, 4TO JIMMUTUPYET (YHKIIMOHAIBHYIO aK-
tuBHOCTE SIRTs [45]. AMPK, Hao6opor, crmocoOHa MOBHI-
marh YpoBeHb BHYTpUKIeTOUHOro NAD' 1 TeM cambIM no-
JIOKUTETBHO BIUATH Ha akTUBHOCTH SIRT1, Gopmupys c
HUM TETII0 00paTtHOH cBs3H, 1o kotopoit AMPK crnoco6-
crByeT Hapabotke NAD", a SIRT1 B cBOIO ouepens npuBo-
it k aktuBaiun AMPK [25, 29]. Hexotopslie u3 cupTyu-
HOB (SIRT1,3,6) sBnstoTcs cynpeccopamu (hakTopa TpaHc-
kpunuuu HIF-1a u camkarot mmkonus: SIRT1 Hanpsimyro
narudupyer HIF-lo uepes peanerunupoBaHue, B TO Bpe-
Mms kak SIRT3 momaenser ROS onocpenoBannyro cradu-
nuzanuto HIF-1a, a SIRT6 nmedicTByeT Kak KOpermpeccop
HIF-1a.[46,47]. B 1o xe Bpems SIRT1,3,6 moiaokuTenbsHO
PEryupyoT MUTOXOHIPUAJIbHBIN OMOTeHes3, OKUCIUTEIb-
Hoe (hocopumpoBaHue, yCWINBAIOT B-OKUCICHUE XKHUP-
HBIX KUCIIOT U DIyTaMUHONMU3, BIusitoT Ha Thl7 mudde-
penumanuto. Tak, SIRT1, aktuBupys PPAR-a (peroxisome
proliferator-activated receptor-o) u PGC-la (peroxisome
proliferator-activated receptor-y coactivator 1a), yBemmdau-
BAaeT KOJIMYECTBO MUTOXOHAPUH, CTUMYIHPYET MOOMIN3a-
uuto nmunuaos 1 FAO, a uepes aeauerunupoBanue SREBP-
Ic nonasnsger nunorenes [46, 47]. SIRT6 uepe3 peryms-
LU0 c-Myc MoBbIIaeT akKTUBHOCTh TITyTaMUHa3kbl 1, karta-
JU3UPYIOIIEH peakIuio mepexosa NyTaMruHa B ITyTamar,
a SIRT3 cmocobcTByeT €ro maapbHEHIeMy MpeBpaIieHuto
B Metaboiut TCA o-KeTormyTapar, sSBISISICh aKTHBaTOPOM
mryTamataeruaporetassl, Takke SIRT3 moBeiaeT akTuB-
HOCTh MUTOXOHIpUaNbHBIX Komiuiekcos (I, I u I11) u dep-
MeHTOB (aneTmwi-CoA CHHTETa3bl 2, U30IUTPATACTUAPOTE-
Ha3bl) [46, 47].

29]. Some of the sirtuins (SIRT1,3,6) are suppressors of
HIF-1a transcription factor and reduce glycolysis: SIRT1
directly inhibits HIF-1a through deacetylation, while
SIRT3 inhibits ROS-mediated stabilization of HIF-1a,
and SIRT6 acts as HIF-1a corepressor [46, 47]. At the
same time, SIRT1,3,6 positively regulate mitochondrial
biogenesis and oxidative phosphorylation, they enhance
B-oxidation of fatty acids and glutaminolysis, and also,
they affect Th17 differentiation. For example, SIRT1, by
activating PPAR-a (peroxisome proliferator-activated
receptor-o) and PGC-la (peroxisome proliferator-
activated receptor-y coactivator 1 o), increases the number
of mitochondria, stimulates the mobilization of lipids
and FAO, and inhibits lipogenesis through deacetylation
of SREBP-1c [46, 47]. Furthermore, SIRT6 regulates
c-Myc and thus, increases the activity of glutaminase 1,
which catalyzes the transition of glutamine to glutamate.
Then, SIRT3 contributes to its further conversion to the
metabolite of TCA a-ketoglutarate, being an activator
of glutamate dehydrogenase, SIRT3 also increases
the activity of mitochondrial complexes (I, II, and
IIT) and enzymes (acetyl-CoA synthetase 2, isocitrate
dehydrogenase) [46, 47].

Lipids

Lipids metabolism is closely related to metabolic
pathways of glucose metabolism and has a significan
impact on T cells differentiation. Fatty acids beta
oxidation (FAO) and fatty acids synthesis (FAS) play a
decisive role in Th17 and Foxp3*Treg cells generation
and functioning [21, 48]. FAO is essential for Foxp3+Treg
cells whereas proliferating Thl, Th2 and Th17 effector
cells are characterized by increased rate of fatty acids
synthesis and decreased rate of beta oxidation [21, 48].
Activity of FAS key enzyme acetyl-CoA carboxylase 1
(ACC1) which catalyses conversion of acetyl-CoA into
malonyl-CoA used for fatty acids synthesis is valuable
for generation of Th17 cells. Abnormal activity of ACC1
leads to defective Th17 differentiation and functioning
and ACCI deficiency induces generation of Foxp3 Treg
cells [32, 49]. At the same time high rate of FAO in Treg
cells promotes activity of AMPK which phosphorylates
both ACC1 and ACC2 isoforms which convert them
into inactive form and thus supress FAS [32, 49].
Moreover, AMPK increases expression of carnitine
palmytoyltransferase 1, rate limiting enzyme of beta
oxidation in mitochondria, facilitating Treg differentiation
[48]. Lipid synthesis is regulated by transcription factor
c-Myec. It was shown that c-Myc deficient cells have low
rate of lipids synthesis and this has an influence on Th17/
Treg differentiation [13]. mTOR signal kinase also has
critical significance for cellular lipogenesis. Use of mTOR
inhibitor rapamycine during T cells activation caused fatty
acids synthesis inhibition and c-Myc induction decline
[33]. In addition to fatty acids activated T cells require
cholesterol, an essential component of cell membranes.
Cholesterol facilitates activation, differentiation and
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Merabonu3M JHUNUAOB TECHO CBsI3aH C MeTaboinde-
CKUMU TYTSIMH TPEBPAIICHNUI TITIOKO3bI M OKa3bIBA€T Cy-
MIECTBEHHOE BIMSIHWE Ha T-kietounyro auddepeHima-
muto. FAO u FAS (fatty acids synthesis) urparor ompene-
JISIFOILLY1O POJIb B reHepatuu U pynkumonuposanuu Th17 u
Foxp3*Treg xnerok [21, 48]. FAO sBnsiercs cceHlnanb-
HbIM TiporieccoM Jutst Foxp3*Treg kietok, a mposudepupy-
torue s dpexropusie Thl, Th2 u Th17 kiieTKH MOBBIIIAOT
CHHTE3 )KUPHBIX KUCIIOT C OHOBPEMEHHBIM CHUKEHHEM HX
B-oxucnenns [21, 48]. AKTHBHOCTH KJIFOYEBOTO (pepMeHTa
FAS anernn-CoA kapOoxkcunasel 1 (ACC1), xoropas mie-
peBoaut aneTni-CoA B UCTIONB3yEMBIN U1l CHHTE3a KHUP-
HBIX KHCIOT MaIoHIWI-CoA, 3HaunMa Jyist reneparuu Th17
knetok. Hapymenne aktuBHocTrn ACC1 BeneT k nedexry
Th17 muddepentmanym n QyHKITUH 1, HATPOTUB, TIPH JC-
¢umure ACC1 nnpyrmpyercs reneparus Foxp3 Treg kie-
Tok [32, 49]. B TO xe Bpems, BbicoKas ckopocTs FAO B
Treg ciocoOcTByeT noBsiieHnto aktuBHocT AMPK, Ko-
Topast hocopunupyet 06a nzomepa ACC1 u ACC2, nnax-
TUBHPYSI HX M TEM CaMbIM ITOJIABIISISl CHHTE3 KUPHBIX KHC-
mot [29, 49]. bonee Toro, AMPK moBBIIIaeT sKCIipeccuro
KapHUTHH NaJbMUTOMITpaHcdepassl 1, pepMeHTa, TMMu-
TUPYIOILEr0 CKOPOCTb OKUCIEHHS KUPHBIX KUCIOT B MU-
TOXOH/pHH, 4TO crocobcTByeT auddepenumanmu Treg
[48]. CuHTE3 TUIHUIO0B PETYIUPYETCs TPAHCKPUTIIIMOHHBIM
(hakTopom c-Myc, TokazaHo, 9TO B KJIETKaX ¢ AepuImTom
c-Myc oOHapyXeH HU3KUI YPOBEHb JTUIHIHOTO CHHTE3a,
KoTOpHIi Oka3piBaeT BiusiHue Ha Th17/Treg nuddepeniu-
aruio [13]. BHyTpukieTounas curHaipHas knHaza mTOR
TaKKe KPUTHYHA JJIsl JIMIIOTEHE3a, YTO OBLIO MOATBEPIK/Ie-
HO mpuMeHenneM uHruouropa mTOR panamuriiza, B pe-
3y/bTaTe KOTOPOTO CHUIKAJICS CUHTE3 )KUPHBIX KUCIJIOT IIPH
aKTUBAlMU T-KJIETOK M MPOUCXOAUIIO OcallieHHe HHIYK-
uuu c-Myc [33]. BmecTe ¢ KMpHBIMH KHCIOTaMH XOJle-
CTEpOJI, KAK ICCEHIMATbHBIA KOMIIOHEHT KJIETOUYHBIX MEM-
OpaH, TpeOyeTCsl aKTUBUPOBAaHHBIM T-KJieTKaM. XoJiecTe-
pOJ criocoOCTBYeT akTuBaiuu, AuddepeHanu u mnpo-
mageparum 06oux CD4™ u CD8* cyoTumoB T-xieTox ye-
pe3 cynpeccuto LXRP m akruBanmto SREBP2 [50, 51].
Kpome Toro, SREBP2 noBsliaeT cunTte3 xoinecrepona, ak-
tuBupyst PI-3K/Act-mTOR curnanbHblii myTh, KOTOPBIH
HeoOxonuM it T-KJIeTOYHOM akTuBaiuu 1 auddepeHiu-
armu, B To BpeMs kak LXRp uHruOupyer HakorieHue Xo-
JIeCTepOJIa U TEM CaMbIM TTOJABIISIET aKTUBALIUIO U T de-
penrmaruio T-kimetok [24]. BHyTpHuKIeTOUHOE HAKOTLIE-
HUe de novo xonecreposna npuBoaut K Th17 muddepeniu-
ary. Ha MonekynsipHOM ypOBHE, XOJECTEPOII PETYIUPYET
TCR curnamunr npucoeaunsisich K B-uenn TCR 1 moBbI-
mast ero cBsizbiBaHre ¢ MHC GenKoBBIM KOMILIIEKCOM ue-
pe3 dbopmupoBanne meMmOpannoro padra [50]. Martepec-
HO, YTO OKCHUCTEpOJibl JIehcTBYIOT Kak RORYt aroHucTsl,
KOTOpbIE PUCOETUHSIOTCS K JIMTaH/ TPUCOCTUHSIOIIEMY
nomeny RORyt, crmocoOcTByst €ro TpaHCKUIIIIMOHHON aK-
TUBHOCTU M TeM caMbiM Th17 kierounoit nuddepenima-
uu [52].

proliferation both CD4* and CD8" subtypes of T cells
via LXRP supression and SREBP2 activation [50, 51].
Furthermore, SREBP2 increases cholesterol synthesis
by activation of PI3K/Act-mTOR signal pathway which
have arole in T cell activation and differentiation whereas
LXRp inhibit these processes by decreasing of cholesterol
accumulation in the cell [24]. Intracellular accumulation
of de novo cholesterol leads to Th17 differentiation. At
molecular level cholesterol regulates TCR signaling by
binding to its beta chain and enhancing its interaction
with MHC protein complex by formation of membrane
raft [50]. Interestingly, oxysterols act as RORyt agonists
by binding to its ligand-binding domain and facilitate its
transcriptional activity and thus Th17 differentiation [52].

Aminoacids

Aminoacids and products of their catabolism
concentration fluctuations play significant role in
T cells activation [53]. Glutamin as glutaminolysis
participant becomes an essential substrate for activated
T cells, glutamin transporters expression is increased,
and their removal from cell membrane disrupt T cell
differentiation [11, 53]. Cellular glutamin uptake also
may substantially increase leucine transport into the
cell and this adds to glutamin significance for activated
T cells [54]. Leucine amino acid transporter 1 (LAT1)
deficiency impedes metabolic reprogramming, clonal
expansion and performing of effector functions of both
CD4* and CDS8" T cells subtypes whereas does not
affect possibility of differentiation into Treg cells [54].
In LAT1 deficient T cells one may observe decrease of
mTORCI1 activity normally enhanced by leucine via
leucine-tRNA synthetase which leads to lack of cells
ability to induce key metabolic processes like increase
of glucose and glutamin uptake [55]. Moreover, LAT
and leucine deficiency are more potent inhibitors
compared to rapamycine. So, changes in intracellular
leucine concentration may be used for metabolic
reprogramming regulation. For example, leucine
concentration may be decreased as a result of activity
of cytosolic branched chain aminotransferases (BCATc)
thus limiting mTORC1 activity [56]. T cells with low
activity of BCATc have high level of intracellular
leucine correlating with high activity of mTORCI1 and
glycolytic phenotype. Increased expression of BCATc
is accompanied with leucine pool depletion, mTORC1
activity and cellular metabolism supression and T cell
anergy [56]. Diminishment of amount of alanine, serine
and cysteine transporter 2 (ASCT2) which contributes
to glutamin transport leads to decrease of OXPHOS and
glucose metabolism in activated T cells and reduces their
ability to differentiate into Th1 and Th17 but not into
Th2 or Treg cells [54]. Aminoacid arginine participates
in metabolic phenotyping; low arginine level correlates
with low aerobic glycolysis and limits development
and proliferation of T cells [53]. Meanwhile, in the
presence of sufficient amount of citrulline T cells may
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AMWHOKHCJIOTHI

B mpormecce aktuBammu T-KIeTOK (QIyKTyaluu KOH-
LEHTPALU aMUHOKHUCIIOT M HPOAYKTOB HX Karaboiu3ma
WUIPaOT 3HAYUTENbHYIO ponb [53]. s akTHBUPOBAHHBIX
T-KJIeTOK IIyTaMUH KaK YYaCTHUK DIIyTaMHUHOJHN3a CTaHO-
BUTCSI HEOOXOIMMBIM CYyOCTPaTOM, BO3PACTACT IKCIIPECCHS
TPaAHCIIOPTEPOB TIIyTaMUHA, a UX yAAJCHHE C KJIETOYHOU
MeMOpaHbI HapymaeT T-kieTounyto Tpancdopmanmio [11,
53]. Taxxe NOCTyIUIEHUE INIyTAMHUHA B KJIIETKY MOXET Cy-
LIECTBEHHO TMOBBICUTH M TPAHCHOPT JEHIMHA, YTO 100aB-
JISIeT 3HAUCHMs ITyTaMUHa U1 aKTUBUPOBAHHBIX T-KJIETOK
[54]. Hedunur TpaHcmopTepa HEHTpalbHBIX AMHHOKHC-
nor LAT1 (Leucine amino acid transporter 1), KOTOpBIit
[EPEHOCHT JICHIINH, IPENITCTBYEeT METa00INIECKOMY pe-
[IPOrPaMMHPOBAHHUIO, KJIOHAJILHOM 3KCIAHCHH 1 BBITIOJIHE-
Huto 3¢ pexropHbx PyHKIui 0bonx CD4* u CD8* cyoTu-
noB T-KIIETOK, OJJHAKO, BOBMOKHOCTh TU(PepeHInaluH B
Treg xierku coxpansiercst [54]. B T-kierkax ¢ gedum-
ToM LAT1 camxkaercs aktuBHOCTh MTORC, Tak Kak jei-
nuH MokeT aktuBupoBath MTOR depes meimuH-tRNA-
CHHTETa3y, U KIETKU CTAHOBSTCS HE CIOCOOHbBI MHIYLH-
POBaTh KJIIOYEBbIE META0ONNYECKHE TPOLIECChI, TAKUE KaK
MOBBIIICHNUE YCBOSHMS TIIIOKO3bI U TityTamuHa [55]. Kpo-
Me Toro, aedunut LAT u selitaa OoJblie, 4eM paramu-
nuH moxasisier aktTuBHOCTE MTOR. D10 1aeT BO3MOXK-
HOCTb WCIIOJIb30BaTh U3MEHEHHE BHYTPHKJICTOYHOM KOH-
LEHTPALUKN JIeHIMHA Ul PEry/siIuu MeTab0IMuecKOro
penporpaMmupoBanus. Hanpumep, IHMTO30JbHBIE aMu-
HoTpaHcdepas3bl pa3BeTBIeHHBIX amuHOKHCIOT (BCATC,
cytosolic branched chain aminotransferases) uepes peak-
UM TPAHCAMUHUPOBAHHS MOTYT CHHXKATh BHYTPHKIICTOU-
HYIO KOHLIEHTPALHMIO JICHIIMHA, TEM CaMbIM JIJUMUTHPYS aK-
tuBHOCTE MTORCI [56]. T-KJIeTKH ¢ HU3KUM COAEpKa-
HueM BCATc nMeroT BBICOKHI ypOBEHb BHYTPHKIIETOUHO-
ro JIeHIIMHA, KOTOPBIH KOPPEIUPYeT C BBHICOKOH aKTUBHO-
crbto mMTORC1 ¥ mIMKONMUTHYECKUM (PEHOTHUIIOM. YBEIH-
yerne skcnpeccrn BCATce conpoBokaaercss HCTOIEHHUEM
IyJ1a JICHIMHA, YTO IPUBOAUT YEPe3 CYIIPECCHIO AKTUBHO-
ctt mMTORCI k cHmwKeHHIO MeTa0OMMUeCcKuX (YHKIUH 1
T-xnerounoit anepruu [56]. CHUKEHHOE KOTUYECTBO MEM-
Opannoro TpancnoptHoro komruiekca ASCT2 (alanine,
serine and cysteine transporter 2), KOTOPbIH MOXET Mepe-
HOCHUTH W TIIyTaMUH, MPUBOAUT K cHIKeHNIO OXPHOS n
MeTabonn3Ma IIIFOKO3bl B aKTUBHPOBAHHBIX T-KIIETKax U
YMEHBIIIaeT BO3MOXKHOCTh uX nuddepenimanuu B Thl u
Th17, vo He B Th2 wimu Treg knetrku [54]. AMHHOKHUCIIO-
Ta aprUHUH y4acTBYeT B METa00IMYeCKOM (peHOTHITNPOBa-
HUM; HU3KUI YPOBEHb aprWHUHA MPUBOAUT K CHUYKCHHIO
a3pOOHOTO0 IIMKOJIN3a U OTPAaHUYMBACT PA3BUTHE U MPOJIH-
(eparuto T-xierok [53]. B To ke Bpemst, Ipu yCcIIOBHM J10-
CTaTOYHON KOHLEHTPALWU LUTPYIMHA T-KIETKH MOTYT
KOMIIEHCHPOBaTh HEXBAaTKy aprMHUHA €ro CUHTE30M C T10-
MOIIBI0 aprUHUHOCYKIMHAT cuHTeTasbl 1 (ASS1) 3aBucu-
MOTO TIpoIiecca, B TO BpeMs Kak generus ASS1 HeraTus-
HO otpakaercs Ha Thlu Th17 muddepennumanmm naxe B
MPUCYTCTBUU BHEKJIETOUHOTO apruHuHa [57]. Beicokas ax-
tuBHOCTE (pepmenTta IDO (Indoleamine-2,3-dioxygenase)

overcome arginine deficiency by its synthesis using
argininosuccinate synthetase 1 (ASS1) depending
process, whereas its low activity may hamper Thl and
Th17 differentiation even in the presence of arginine from
extracellular sources [57]. High activity of indoleamine-
2,3-dioxygenase (IDO) which participates in tryptophan
catabolism may lead to exhausting of this essential amino
acid pool in the cell. Depletion of extracellular sources
of arginine and tryptophan cause activation of general
control non-derepressible 2 kinase (GCN2), referring to
a family of serine-threonine kinases which has a key role
in amino acid homeostasis in the cell [58]. In response to
amino acid deficiency GCN2 supresses protein synthesis,
inhibits Th17 differentiation, promotes the development
of Treg phenotype and T cell anergy [58].

Glucose, its metabolites and enzymes of its metabolism
may have a signal function linking together metabolism
and gene expression regulation in activated T cells [6].
A signal pathway initiated by glucose leads to inhibition
of glycogen synthase kinase 3 (GSK-3) [59] and prevent
cell death by stabilization of antiapoptotic protein Mcl-
1 of Bcl-2 family [7]. Normally Mcl-1 is marked for
proteosomal degradation by phosphorylation catalyzed
by GSK-3. In glycolytic cells where GSK-3 is inhibited
Mcl-1 does not undergo degradation remaining stable
and provides cell survival [59]. WNT signaling also leads
to inhibition of GSK-3 activity and diminishes mTORC1
supression by TSC1/2 and promotes T cell proliferation
[60]. Another metabolic signaling is realized through
glycolytic enzyme PKM2, kinase which is highly
expressed in activated T cells. In the cell PKM may be
found in dimeric and tetrameric forms which differ in
catalytical activity and intracellular localization. Tetramer
has high affinity to its substrate, phosphoenolpyruvate
(PEP) and is present in cytosole whereas dimeric form
may be found mainly in nucleus and has low affinity to
PEP [61]. Nuclear dimeric form of PKM2 may directly
interact with and activate transcriptional factors HIF-1
and B-catenin [61]. In turn, low affinity of dimeric form of
PKM2 to PEP let it to be used as phosphate group donor
for phosphorylation of target nuclear proteins including
transcription factor signal transducer and activator of
transcription 3 (STAT3) [62]. PKM2 tetramer/dimer
ratio is controlled by intracellular ATP, ROS, fructose-6-
phosphate and serine as well as by direct interaction with
signaling proteins [63]. This kind of interrelationship
between catalytical and signaling functions of PKM2 let
it provide intracellular changes and serve as example of
metabolic and signaling pathways integration.

Cytokines and TCR control of glucose membrane
transport with Glutl has an important role in glucose
uptake and T cell metabolism. It is carried out in several
directions including Glutl expression, intracellular
translocation, localization and stabilization of Glutl in
cellular membrane [64]. In the absence of external signals
Glutl is internalized and become deconstructed, leading
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YUYacTBYIOIIErO B KarabolM3Me TpHUIITOdaHa MOXKET MpH-
BOJMTH K MCUEPIIBIBAHHIO ITyJa 3TOW 3CCEHINAILHON aMu-
HOKHCIIOTHL. VICTOIeHne BHEKIICTOYHOTO apruHiHA |
tpuntodana BeneT k aktuBammu GCN2 (General control
non-derepressible 2 kinase) cepuH-TpeOHUH KHHA3BI, KOTO-
past urpaeT KJIIO4YEBYIO POJIb B PETYISLMH aMUHOKHCIIOT-
Horo romMeoctasa [58]. B oTBeT Ha HEXBaTKy aMHUHOKHUCIIOT
GCN2 nopasnsier GenKoBble cuHTE3bI, HHruOupyer Thl7
JuddepeHImalui, cnocodcTByeT pa3Butuio Treg ¢eHo-
tuma 1 T-kaeTounoit aneprum [58].

I1ioxo03a, npoaykTsl €€ MeTabonM3Ma, Kak U y4acTBY-
e B HeM (pepMEHTHI MOTYT BBIMOJIHATH CUTHAIBHYIO
(DYHKIIHIO, CBSI3bIBasE META0OIM3M U PETYIISAIIUIO SKCIPEC-
CHUH B aKTHBHPOBAHHBIX T-KiteTkax [6]. CHTHATBHBIN MyTh,
WHAIIAAPYEMBIN TIIFOKO30H W TPUBOIAIINN K HHTHOUPO-
BaHMIO KMHa3bl mukoreH cuHtasel 3 (GSK-3, glycogen
synthase kinase 3) [59] mpenorBpaiaeT rudeiab KICTKA
MOCPENICTBOM CTAOMIM3aLMN aHTHAIIONITOTHYECKOTO Oell-
ka Mcl-1 cemeiictBa Bcl-2 [7]. O6biuHO, Mcl-1 momeua-
eTCs ISl IPOTEaCOMHOM JIerpamanuu mocie Gochopunm-
poBanus GSK-3. B MUKOTUTHYECKUX KIETKAX ¢ HHTHOH-
poBanHoit GSK-3 Mcl-1 He moaBepraercs Jerpajaanuu,
0CTaBasiChb CTAaOWJIBHBIM, YTO OOECHEeYMBAET BHDKUBAHHE
kneTku [59]. Wnt CHUTHAJIMHT, TaKXe TOJABIISIONINN aK-
tuBHOCTh GSK-3, ocnabnsier cynpeccuto mTORC1 kom-
miekcoM TSC1/2 u cmocobctByeT T-KIETOYHOM IPOITH-
(epanuu [60]. Ipyroit myTs METAaOOIUTHOTO CUTHAIIMHTA
ocymecTBisiercs yepes GpepmenT rukonnza PKM2, kuna-
3y, KOTOpasi BEICOKO SKCIPECCUPYETCS B aKTUBUPOBAHHBIX
T-xnetkax. PKM2 MoXeT HaXOOUThCS KakK B JTUMEPHOM,
TaK M B TETpaMepHOil (hopmMax, KOTOpPBIE Pa3IHYAIOTCS IO
(bepMEHTAaTHBHOW aKTUBHOCTH U BHYTPHUKJICTOUHOH JIOKA-
JU3alMU: TeTpaMep UMeeT BBICOKYIO aQMHHOCTB K CBO-
emy cyocrpary PEP (phosphoenolpyruvate) u nokanmzo-
BaH B IIUTO30JIC KJIETKH, B TO BPEeMs KaK JUMEp MpEHMY-
[IECTBEHHO JIOKAIM30BaH B sIJpe U UMeeT HU3KyIo addun-
vocth K PEP [61]. B simpe aumep PKM2 moxeT Hamps-
MYIO KOHTAKTUPOBATh C TPAHCKPUIILMOHHBIMH (haKTopa-
mu HIF-1 u B-kaTeHMHOM M CIOCOOCTBYET WX aKTHUBAIHH
[61]. B cBoto ouepenn, Hu3Kas apuHHOCTH 1uMepa PKM2
k PEP no3Bossier ucnons3zoBark PEP kak nonop docdar-
HBIX Tpynn st HochOpHIMPOBAHHS SIICPHBIX OEIKO-
BBIX MHIINEHEH, BKIIoUass ¢akrop Tpanckpummuu STAT3
(Signal Transducer and Activator of Transcription 3) [62].
Cootnowenue terpamep/aumep PKM?2 kontponmpyercs
BHyTpHuKieTounbiMH ATP, ROS, ¢pykro30-6-pocharom
1 CEpUHOM, a TaK)Ke HETOCPEICTBEHHBIM B3aMMO/IEHCTBH-
€M C CUTHAJIbHBIMH TIpoTenHamu [63]. Takas B3anMocCBs3b
(hepMeHTaTHBHOW W CUTHaNBHOHN (yHKITMH PKM2 momo-
raet 00eCeYnTh BHYTPUKIICTOUHBIC H3MEHEHUSI M CITYKHUT
MIPUMEPOM OOBETUHEHUS METAaOOIMUYECKUX M CUTHAIBHBIX
Iy TeH.

utoxuuoBbiit 1 TCR KOHTpOJIIE MEMOpPaHHOTO TpaHC-
rmopTta Tmoko3bl uepe3 Glutl BEIMONHSAET BaXXHYIO POIb
B PperysiiuM HOCTYIUICHHMS DJIIOKO3bl M MeTaboIu3Ma
T-k7eTOK M OCYIIECTBISIETCSl IO HECKOJBKUM HarpasJie-

to glycolytic flow diminishing which in turn causes
inability of cell to maintain its functional activity and cell
death [64]. Interleukin 7 (IL7) is one of a key regulators
of glucose utilization in developing and resting T cells
[37]. Mechanism of IL7 stimulation of glucose uptake
by T cells includes activations of Jak/STATS and PI-3K/
Akt signal pathways [65]. Akt and STATS are essential
for IL7-mediated glucose uptake by resting T cells: Akt
inhibition or STATS deletion cause abnormal glucose
utilization in response to IL7 signaling [65]. IL7 receptor
activation leads to STATS stimulation and after some
transcription level steps allows Akt activation followed
by Glutl translocation to cell membrane and increase of
glucose uptake. Interestingly, IL7 binding to its receptor
in resting T cells induces immediate STATS5 mediated
transcriptional activity and retarded but prolonged Akt
activation [66]. Despite other cytokines which provoke
immediate Akt activation with subsequent quick decline
of its activity, IL7 causes prolonged Akt functional
activity providing permanent glucose uptake by the cells
and its metabolism, thus making IL7 ideal factor for T
cells vital activity [37, 66]. Other class I interleukins of
cytokines superfamily also may contribute to glucose
utilization by T cells. For example, IL2 and IL4
stimulate glycolysis and Glutl expression, IL3 supresses
Glutl internalization, stimulates its reutilization and
membrane localization [66]. In vitro experiment showed
that if cultural medium does not contain IL3, Glutl was
subjected to internalization; addition of cytokine caused
its translocation back to cell membrane. In turn, PI-
3K/Akt signal pathway plays critical role in cytokine-
mediated Glutl translocation into membrane [39].
Inhibition of activity of this pathway decreases ability
of IL3 to increase amount of Glutl in cell membrane,
however absence of cytokine stimulation does not affect
amount of Glutl in membrane if constitutively active
Akt is present [39, 65].

Tcellactivation stimulated by TCR and its costimulation
by CD28 provides highest enhancement of glucose
uptake by regulation of Glutl expression and trafficking.
Costimulating signal facilitates increase of Glutl amount
at suboptimal TCR stimulation but is not necessary in the
case of high receptor stimulation. TCR ability to induce
Glutl expression after strong stimulation is not enough
for glucose level uptake comparable with situation
when T cells get both stimulating and costimulating
signals [67]. It is important to note that costimulation
by CD28 is necessary for effective Glutl translocation
to plasma membrane because it may activate PI3K/
Akt signal pathway participating in this process. Thus
mTOR stimulation by Akt facilitates activity of Glutl
and GSK-3 inactivation by Akt contributes to Glutl
recirculation in the cell and subsequently maintain
amount of Glutl in cell membrane [59]. Transgenic
expression of constitutively active Akt leads to increase
of glucose uptake and decreases dependency from
CD28 costimulating signal. However, constitutively
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HUSIM, BKJIIodaromuM B ce0st Glutl skcmpeccuro, BHyTpH-
KJIETOUYHOE TIepeMelleHHe, JIOKAJIU3aluio U CTabuiIn3a-
muto Glutl B knerounoir memOpane [64]. B orcyrcrBue
BHemHUX cuUTHaNOB Glut 1 mHTEpHANMM3yeTCs U paspyiia-
€TCsl, TNIMKOJUTUIECKHI TIOTOK CHIDKAETCS, M KJIeTKa CTa-
HOBHUTCS HE B COCTOSIHUW TOJICPKUBATH KH3HECIIOCO0-
HOCTb, 3aIlycKas MeXaHu3M cBoeid rubenu [64]. HMHTep-
neiikun 7 (IL-7) BeICTYnaeT Kak OMH U3 KITIOUEBBIX PETy-
JIITOPOB YCBOEHUSI TVIFOKO3BI Pa3BUBAIOIIMMUCS M TIOKOS-
mmumucs T-kinetkamu [37]. MexanusM, 1mo kotopomy IL-7
YCHJIMBAET MOCTYIUICEHUE IJTFOKO3bI B T-KIETKH, BKIIOYa-
er aktuBauuio Jak/STATS u PI-3K/Akt curnanpHbIX IMy-
tel [65]. Monekynst Akt u STATS abcomoTHO HeoOX0ou-
Mbl st IL-7 onocpenoBaHHOIO MOCTYIUIEHHS IVIFOKO3bI B
nokostuecs: T-kinetkn: nHrnouposanue Akt nimm fgenenus
STATS npuBOAAT K HApYLICHUIO YCBOCHUS [IIOKO3bI B OT-
BetT Ha IL-7 curnan [65]. AxtuBanus IL-7 cBoero penento-
pa npuBomuT K ctumynsinun STATS, crnenyronue 3a 3TUM
TPAHCKPUTIIMOHHBIE COOBITHS TO3BOJISIIOT aKTHBUPOBATH
Akt, 9TO B CBOIO O4YEpEb CIIOCOOCTBYET MEPEMEIICHHIO
Glutl Ha MOBEPXHOCTH KJICTKH M yCHIIUBACT TTOTJIOIICHIE
moKo3bl. HTEpecHo, uto B3aumoercteue 1L-7 co cBo-
WM PEIenTOPOM B MOKOSIIUXCS T-KiIeTkax MPUBOIUT K He-
MEJICHHOMY 3aIlyCKy TPaHCKPHIIIIMOHHON aKTHBHOCTH
STATS u 3ameasIeHHOM, HO MPOJOHKUTEIHLHON aKTUBALIUN
Akt [66]. B otiumie oT Ipyrux MUTOKUHOB, MPOBOIHPY-
FOIAX OCTPYIO ¢ OBICTPBIM CITafioM akTHBHOCTH Akt, [L-7
Yepes MPOJOHTUPOBaHHYI0 akTuBanuio Akt odbecrieunBaer
MTOCTOSIHHBII PUTOK TITFOKO3BI B KJIETKY U €€ MeTa0O0IHI3M,
yto fienaet 1L-7 «uneanbHbiM» (haKTOPOM, TIOIEPIKUBAFO-
UM >KH3HEAeATeNnbHOCTh T-kietok [37, 66]. [pyrue un-
TEpJIEHKNHBI, OTHOCAIMECS K Kiaccy | cynepcemeiicTBa
IIMTOKWHOB, TAaK)K€ MOTYT yCHJIMBaTh YCBOCHHE TITFOKO3BI
T-knerkamu, Hanpumep, 1L-2 u 1L-4 noBbILIAIOT IUKOIN3
u skcnpeccuto Glutl, a [L-3 ocnabnsieT MHTEpHATM3AIHIO
Glutl, criocoOCTBYs €r0 BHYTPHKICTOYHON PEUPKYIISIAN
W HaXOXXJICHUIO B KJIETOUHON MeMmOpane [66]. B skcnepu-
MEHTE in Vitro OBLIO TOKa3aHO, YTO, KOTJA KJIETKH Haxo-
ITHCh B cpene 6e3 1L-3, mpowcxonnia HHTepHAIN3AIHS
Glutl, a mpu nob6asnennu nurokuaa Glutl Bo3Bpamaics
Ha KJICTOYHYIO OBepXHOCTh. B cBoto ouepens, PI-3K/Akt
CUTHAJIBHBIN MYTh UrPAET KPUTUYECKYIO POJIb B IIUTOKUH
peryaupyemom nieperoce Glutl na memOpany [39]. Uuru-
ouposanue aktuBHOCTH PI-3K cHmxkaet ciocoorocTs [L-3
yBennuuBaTh KonmdectBo Glutl B muTOmIIazMaTndecKou
MeMOpaHe, OHAKO, OTCYTCTBHE IMUTOKWHOBOTO CHUTHAJA
HE BJIMSET Ha MeMOpaHHbIN ypoBeHb Glutl mpu ycioBuu
HaJIMYMsi KOHCTUTYTUBHO aKTUBHBIX MoJiekyi Akt [39, 65].

AxTuBanus T-KJIETOK MOCPEACTBOM ABYX CUTHAJIOB: CTH-
mymsiiai TCR m koctumyssiin CD28 obecrieunBaeT Mak-
CHUMaJIbHOE YBEIIMYCHHE TIOTIIOIIEHHS TITFOKO3bI KIIETKaMU
yepes perymsaiuro dkcnpeccun Glutl u tpaduka Glutl Ha
Ia3MaruuecKyto Memopany. Koctumynupyromuii curaat
crocoOcTByeT yBennueHuto konmuectBa Glutl npu cyodor-
tumanbHoi ctumymsiiu TCR, HO oH He Tpebyercs mpu
CHUJILHOM cTUMyILMM penentopa. OJIHaKO, HECMOTPs Ha
cnocobHocth TCR B OTBET Ha CHIIBHYIO CTHUMYJISIHIO MH-

active Akt kinase does not change amount of Glutl and
may stimulate glucose uptake only if Glutl amount
is raised up by an independent signal pathway like
strong stimulation of TCR [67]. Moreover, transgenic
T cells with enhanced Glutl and active form of Akt
expression compared to cells with expression of either
of these proteins are characterized by more significant
glucose uptake, increased size and proliferative activity
[67]. This implies that in glucose uptake enhancement
mechanism during T cells activation TCR induced signal
pathway is responsible for raise of amount of Glutl and
CD28 costimulation is necessary for Glutl translocation
to plasma membrane thus promoting maximal level of
glucose uptake by cell.

Conclusion

Thus, metabolic control and T cells reprogramming is
carried out by directed action of extra- and intracellular
signals and is implemented through signal transduction
pathways and metabolic checkpoints. Resting state
of naive T cells requires the balance of TCR and IL-7
signaling, catalytical activity of PI-3K and PTEN,
intensity of glycolysis and OXPHOS. Supression or
defect of negative regulators mTOR TSC1/2, unrestrained
activation of Act, or stimulation of TCR lead T cells to
leaving resting state. Activated T cells are characterized
by transition to predominantly anabolic metabolism with
key regulatory function of PI-3K/Act/mTOR signaling
pathway providing effector molecules synthesis, cells
growth and proliferation. For activated T cells glucose
becomes the main source of energy and intermediates
for synthetic needs; its uptake increases by an order of
magnitude, also its intracellular metabolism is increased
including aerobic glycolysis (Warburg effect). Energy
production in activated T cells is dependent initially
on AMPK activity for fast increase of ATP level and
later on glucose flux into the cell stimulated by TCR
induction and CD28 costimulating signaling promoting
Glutl expression and translocation to plasma membrane.
Inability of T cells after activation to maintain and
increase glucose metabolism at the required high level
prevent cell growth and proliferation, even if they have
enough alternative sources of energy like glutamin and
fatty acids. Critical dependence on glucose requires well-
established concerted work of intracellular mechanisms
underlying metabolic reprogramming of T cells, and
understanding of their regulation may lead to discovery
of promising targets for development of new therapeutic
approaches in metabolic correction of immune system
functioning.

The work has been conducted as part of fundamental
research program within research topic ‘Influence of
body cooling on neuro-immuno-endocrine regulation
of human body homeostasis’of ecological immunology
laboratory of [FCIARctic Institute of Physiology
of Nature Adaptations. State registration No.
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IOyuupoBars dkcnpeccuto Glutl, 3Toro HenocTaToO4HO, YTO-
OBl TIOIJIOLICHUE TIFOKO3bI BO3POCIIO 10 YPOBHS, CONOCTA-
BUMOTO C YPOBHEM, Korja T-KIETKH OJJHOBPEMEHHO TIOITY-
YaroT CTHMYJIHPYIOUMA M KOCTUMYIHPYIOIIHIA CHTHAIIBI
[67]. BaxxHO oT™METHTS, uTO KocTuMyIsiius CD28 HeoOxo-
muMa it agdexruBHOro niepemenienus Glutl Ha nmazma-
THUYECKYIO MEMOpaHy, TaK KaKk MOXKeT akTuBupoBarb PI3K/
Akt CUTHaNBHBIA MYTh, KOTOPBIA yYaCcTBYET B PETyJISLUH
atoro mporecca. Tak, Akt crumymsiiuss mTOR cnoco6-
ctByeT aktuBHOCTH Glutl, a Akt mHakTHBammst GSK-3 mo-
BbIIaeT penupkyssauio Glutl B KIIeTke U TeM caMbIM IO
nepkuBaeT yposenb Glutl B knerounoit memOpane [59].
Tpancrennasi KcnpeccHss KOHCTUTYTHBHO aKTUBHBIX MO-
nexyn Akt TpUBOAUT K YBETUUEHHIO OCTYIUICHHS TITFOKO-
3B U CHIDKEHUIO 3aBUCHMOCTH 0T CD28 KocTUMyIHpyTo-
mero curHana. OmHaKo, KOHCTUTYTHBHO akTHBHAS AKt Ku-
Ha3a He U3MEHSeT Kom4ecTBo TpancnoprepoB Glutl u mo-
KET YCHJIMBATh MOIIOIICHNE IIIFOKO3bI, TOJIBKO €CIU YyBe-
JMYSHNE MOJIEKYJI IEPEHOCUNKA HHAYIIUPYETCS] He3aBUCH-
MBIM CHUTHAJIBHBIM TTyTE€M, TAKHM KaK CHJIbHAsI CTUMYJIS-
s TCR [67]. bonee Toro, TpancreHHbie T-KISTKH C yCH-
nenHor skcnpeccuer Glutl u akTuBHONW (hopMbl Akt MO
CPaBHEHUIO C KJIIETKAMH, KCITPECCUPYIOIINMHU KaKOH-IN00
OZIMH M3 HUX, XapaKTepHU3yIOTcsl 60Jiee 3HAYUTEILHBIM T10-
IJIOIICHUEM TIIOKO3bI, YBEIIMUYEHHEM KIIETOYHBIX pa3Me-
poB ¥ npoiudepaTuBHONH aKTHBHOCTBIO [67]. DT0 mpen-
IOJIaraeT, YTO B peaNn3allii yCUIICHHUS TOTVIONICHHUS TITFO-
ko3bl npu aktuBauuu T-kierok TCR uHaynmpyemslil cur-
HaJIBHBII ITyTh OTBETCTBEHEH 32 YBEJIMYCHHE KOJIMYECTBA
oenkoB-Tpancnoprepos Glutl, a CD28 koctumynsims —
3a nepemenienre Glutl Ha MOBEPXHOCTH KIIETKH, CIIOCO0-
CTBYsl MAKCIMAJIbHOMY TIOCTYIICHUIO TITFOKO3bI B KIIETKY.

3ak/roueHue

Takum 00pazoM, METa0OIMYECKUI KOHTPOJIb M PErnpo-
rpamMmmupoBaHne T-KIeTOK OCYIIECTBISETCS C MOMOIIBIO
HaIpPaBIEHHOTO JICHCTBUS BHE- U BHYTPUKICTOYHBIX CHT-
HaJIOB M peajn3yeTcs uepe3 CUTHAIbHBIE MyTH U MeTabo-
nugeckne YeKnonHTel. HauBHbiM T-Ki1eTkam i coxpane-
HUSI COCTOSIHMS TTOKOS HyskeH OanaHc mexxay TCR u IL-7
CUTHAJIMHIOM, (epMeHTaTHBHOW akTuBHOCTHIO PI-3K n
PTEN, HHTCHCHMBHOCTBIO TIIMKOIHUTHYECKOTO IIOTOKA H
OXPHOS. IlogaBnenue uiau AeheKT HETATUBHBIX PETYIIsI-
topoB mTOR TSC1/2, necaepxuBaemasi aktuBaus Act,
paBHO Kak u ctumyisiius TCR npuBoast T-kineTku K Bbl-
XOJly M3 COCTOSIHUS TTOKOSI. AKTUBUPOBaHHbIE T-KJIeTKH Xa-
PaKTEepU3YyIOTCS TIEPEXOJOM Ha MPEUMYILECTBEHHO aHa0o-
JUYECKUH MeTaboJIu3M, PELIaloNlyl0 POJib B PEryIsSIUU
koroporo wurpaer PI-3K/Act/mTOR curHagbHbIA IMyTh,
obecrreunBaromuii oOpazoBanne h(HEKTOPHBIX MOJEKYI,
KJICTOUHBIA pocT W mponudepanuto. [7roKo3a 1i1si akTH-
BUPOBAHHBIX T-KJIETOK CTAHOBUTCSI OCHOBHBIM YHEPIeTH-
YECKMM M TUIACTUYECKHM CyOCTpaToM: Ha IMOPSIOK BO3-
pacTaeT MoCTyIUIEHHE IVIIOKO3bI, YBETHMUUBaeTCsa e€ yCBO-
€HHE, B TOM YHCJIE MO0 MyTH a’poOHOro rimkoiu3a (d¢-
(et BapOypra). [Ipogykius sHEprun B aKTHBUPOBAHHBIX
T-K1eTKax nepBOHAYAIBLHO 3aBUCUT OT akTUBHOCTH AMPK

AAAA-A17-117033010124-7.
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Juist ObIcTporo noBbleHust ypoBHS AT® u mosxe oT yBe-
JIMYEHHUS TIIOKO3HOTO MOTOKA B KIIETKY MOCPEICTBOM HH-
nykuun TCR u xoctumysnmpytomero CD28 curnanunra,
CITOCOOCTBYIOITNX dKCTpeccuu u iepenocy Glutl ma xie-
TouHyt0 MeMmOpaHny. HecniocoOHOoCTh T-KIIETOK TOCIHE aK-
TUBALIUH YBEIMYMBATH U MOJJICPKUBATh META0O0IM3M IITIO-
KO3bl Ha TpeOyeMOM BBICOKOM YpPOBHE NPEIMSATCTBYET WX
KIJIETOYHOMY POCTY M Mposudepannu, Jaxe eciu UMeeT-
Csl JIOCTATOYHOE KOJMYECTBO aJBTEPHATHBHBIX HCTOYHH-
KOB 3HEPI'UH, HalpuMep, IIyTaMUHA U KUPHBIX KHCIIOT.
BcenencrBue Takolt KpUTHYECKOH 3aBUCHMMOCTH OT IITHOKO-
3bl, HEOOXOAMMA YeTKasi OTJIaKeHHasi paboTa BHYTpHKIIE-
TOYHBIX MEXaHU3MOB, JISKAIIUX B OCHOBE MeTabonuye-
CKOTO PErporpaMMHUpOBaHus T-KIIETOK, IOHUMaHUE Pery-
JISIIIUK KOTOPBIX MOYKET MPUBECTH K BBISIBIICHUIO TIEPCIICK-
TUBHBIX MHILCHEH IJIs1 Pa3paOOTKH HOBBIX TEpaleBTHYE-
CKHUX IOJXOI0B B METaOOJIMYECKON KOPPEKLUH (YHKIIHO-
HUPOBaHHS UMMYHHOW CHCTEMBI.

Paboma evinonnena 6 pamkax npocpammol GyHOAMeH-
MANBHBIX HAYYHBIX UCCIE008ANUL NO meme 1adopamopuu
akonozuyeckou ummynonoeuu UDIIA OI'BYH OUIIKHUA
PAH «Bausnue obwe2o oxnaxncoeHus Ha Hetpo-uUMMYHO-
SHOOKPUHHYIO pe2yNAaYuIo 20Meocmasa enogexay» Ne eocy-
oapcmeennot pecucmpayuu AAAA-A17-117033010124-7.
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