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B YMOBax OKCWAATMBHOIO CTpecy, Ae Tion-gucynbdigHa cuctema, npeactaBneHa
rMyTaTiOHOBOKO Ta TiOPEAOKCMHOBOI NaHKaMW, BWUCTYNAE KIOYOBOK MNMaTdopMoto
pefnokc-perynauii iMyHHux knituH. i cpapmakorioriyHa Moaynsiuis  posrnsaacTbes
SK af’loBaHTHa cTpaTeris, 34aTHa HopmanisyBaTW peAoKC-CUrHanIHr 6e3 NpurHiveHHs
e(EKTOPHNX MeXaHI3MIB.

MeTa po6oTu — y3aranbHWTU CyyacHi AaHi LWodo poni Tion-AucynbdigHoi cuctemMm
N OKWUCHO-BIAHOBHOI piBHOBarn y opMyBaHHi NPOTUMYXIUHHOI iIMYHHOI BignoBidi
Ta iMyHocynpecii, iHAyKOBaHOi Heoa['loBaHTHOK XiMioTepamielo y XBOpWX Ha pak
rpyaHoi 3anosu.

Matepianu Ta meTogu. [lpoBedeHO KOHTeHT-aHania nyb6nikauin 6a3 PubMed,
Cochrane Library, Clinical Key Elsevier, Google Scholar, Scopus, Web of Science
3a KMYOBUMM CcroBamu, WO BigobpaxaloTe pefoKc-perynsuito, dapmakonorivHi
BMacTUBOCTI MOAynATOpiB Tion-gncynbdigHoi cucTeMM Ta MoTeHuian rnyTakcumy,
ony6nikoBaHi B peLieH30BaHNX BUAAHHSX.

Pesynbrath. NopylieHHs pedokc-piBHOBArn y nyxiMHHOMY MIiKPOOTOYEHHI BU3Ha4ae
6anaHc MiX iIMyHHVMM Harmsgom Ta iMyHHOK BTeyero. XpOHIYHWUIA OKCUAATUBHUI CTpec
CNpUYNHSAE AMCPYHKLiIO aHTUreHnpe3eHTaLlii Ta BUCHaXeHHs NniMmdouuTie, hopMyoym
«XONOAHWINY» iIMyHHUI dpeHoTuN. Tion-amcynbdigHi nepemmkadi 3abesnevytoTb WBUAKE
nepeHanawiTyBaHHA CUrHaniHry iMyHHUX KNiTWH. |HOYKOBaHi XiMioTeparieto pegokc-
3CYBM MOXYTb MOEAHYBaTW iMyHOTeHHUIA edpekT i3 TpmBarnoto imyHocynpecieto. O6rpyH-
TOBaHO, WO rMyTakCUM, K AUCYnbdia-opieHTOBaHWI MOQYNSATOP, CMOPIAHEHWUA 3 OKUC-
HEHVM rMyTaTiOHOM, MOTEHLiINHO 34aTeH HopmanidyBaTu Tion-AucynbdigHuin GanaHc
i nigTpymyBaTM YHKUiO IMYHHUX edeKTOpiB B YMOBax TeparneBTUYHOrO CTPEeCy.
BogHovac BM3HAYeHO PU3MK HELiNbOBOrO 3axMCTy MYyXMUHHWX KNiTWH, WO notpebye
6iomapkepHoi cTpaTudikaLii Ta iMyHOMOHITOPUHTY.

BucHoBku. Tion-aucynbdigHa cuctemMa € LUeHTpanbHUM MeXaHi3MOM peaoKc-Ke-
PYBaHHS iIMYHITETOM MpW paky rpyaHoi 3anosn. Mopynatopu wiei cuctemun, 3okpema
rmyTakcum, MalTb MoTeHuian Ans 3MeHLUeHHs iMyHocynpecii, iHOyKoBaHoi Teparieto,
ogHak ix 3acTtocyBaHHsi noTpebye Banigauii Ha OcCHOBi cneundivyHMx Giomapkepis
Ta KNiHIYHUX JOCHiAXEHb.
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ABSTRACT

Background. Antitumor immunity in breast cancer develops under oxidative stress
conditions, with the thiol-disulfide system, represented by glutathione and thioredoxin
branches, serves as a key platform for redox regulation of immune cells. lts
pharmacological modulation is considered an adjuvant strategy capable of normalizing
redox signaling without suppressing effector mechanisms.

Purpose — to summarize current data on the role of the thiol-disulfide system and redox
balance in antitumor immune response formation and immunosuppression induced
by neoadjuvant chemotherapy in breast cancer patients.

Materials and Methods. A content analysis of publications from PubMed, Scopus,
and Web of Science was performed using keywords related to redox regulation,
pharmacological properties of thiol-disulfide system modulators, and glutaxim potential.
Results. Redox imbalance in the tumor microenvironment determines the balance
between immune surveillance and escape. Chronic oxidative stress causes antigen
presentation dysfunction and lymphocyte exhaustion, forming a «cold» immune
phenotype. Thiol-disulfide switches enable rapid reprogramming of immune cell
signaling. Chemotherapy-induced redox shifts can combine immunogenic effects with
prolonged immunosuppression. Glutaxim, as a disulfide-oriented modulator related
to oxidized glutathione, can potentially normalize thiol-disulfide balance and support
immune effector function under therapeutic stress. However, the risk of off-target tumor
cell protection necessitates biomarker stratification and immunomonitoring.
Conclusions. The thiol-disulfide system centrally regulates immunity in breast cancer.
Its modulators, particularly glutaxim, may reduce therapy-induced immunosuppression,

but require validation through specific biomarkers and clinical studies.
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BCTYN

Y CTPYKTypi Cy4acHMX OHKOSOriYHMX 3axBOPHBaHb
ofHielo i3 akTyanbHUX Npobnem € pak rpyoHoi 3anosu
(PT3), skui nocigae gpyre Mmicue cepen OHKOMOriYHOT
natonorii i € rmobanbHOK NPOGNEMOI0 OXOPOHN 340POB’'S
y BCbOMY CBITi [1, 4].

Y 2023 poui y cgiTi PI'3 6yno giarHoctoBaHo maiixe
y 2,3 MIH XiHOK, npu ubomy Oyrno 3apeecTpoBaHO
666 103 netanbHux Bunagkis [3, 7]. 3a gaHumn Haui-
OHanbHOro peectpy paky y 2024 poui B Ykpaini PIr3
cepen, HO30SOrYHMX CTPYKTYP OHKOJOFYHMX 3aXBOPHO-
BaHb Y XiHOK 3aiiMaB Nigmpyro4y nosuuito, LWo cknagano
23,8%, KinbKicTb 3apeecTpoBaHuX BUNagKiB cepen Hace-
neHHs — 12204 (cepen HUX xiHOk — 12113), a KinbkKicTb
3apeecTpoBaHuXx neTanbHux Bunagkis — 3731 (cepen
HUX XiHOK — 3699) 6e3 ypaxyBaHHA OaHuX [OHeLbKOT,
3anopisbkoi, JlyraHcbkoi Ta XepcoHcbKoi obracTen,
a Takox AP Kpum [4]. AHani3 gaHux BcecBiTHbOI opra-
Hi3aLil oXxopoHKU 340poB’a AoBiB, Wo PI3 e Hannowwupe-
HILLMM OHKOJOTiYHMM 3aXBOPKOBaHHAM Y CBITi. KinbkicTb
BTpaveHnx pokiB 300poBoro xuTTs (DALYS) xiHOK i3 uum
JjarHo3oM y CBiTi NepeBULLYE aHanoriYHMM MNOKa3HWUK
wono byab-aKoro iHWOro BUAY paky y xiHok. PI'3 3ycTpi-
YaeTbCsl y BCiX KpaiHax CBIiTYy Yy XIHOK Oyab-sKOro BiKy
nicns JOCArHeHHsi cTaTeBol 3piNocTi, O4HaK y cTapLiomy
BiLli piBEHb 3aXBOPIOBAHOCTI 3pocTae [2, 3, 8, 9].

HesBaxatounm Ha npodinakTUyHi 3axogu Ta ycnixu
y NiKyBaHHi, WO [AOCArHYTI NPOTArOM OCTaHHIX POKIB,

INTRODUCTION

Breast cancer (BC) is one of the most pressing issues
in the structure of modern oncological diseases. It ranks
second among oncological pathologies and poses
a global health problem worldwide [1, 4].

In 2023, nearly 2.3 million women worldwide were
diagnosed with BC, resulting in 666,103 deaths [3, 7].
According to the National Cancer Registry, in 2024,
BC ranked first among oncological diseases in women
in Ukraine. It accounted for 23.8% of all cases, with
12,204 registered cases among the population (including
12,113 women) and the number of registered deaths was
3,731 (including 3,699 women), excluding data from the
Donetsk, Zaporizhzhia, Luhansk, and Kherson regions,
as well as the Autonomous Republic of Crimea [4].
Analysis of data from the World Health Organization
has shown that BC is the most common cancer in the
world. The number of disability-adjusted life year (DALY's)
by women with this diagnosis worldwide exceeds that
of any other type of cancer in women. BC occurs in all
countries of the world among women of any age after
reaching sexual maturity, but the incidence rate increases
with age [2, 3, 8, 9].

Despite  preventive measures and advances
in treatment achieved in recent years, the incidence
of BC continues to rise steadily [3, 9]. Oncologists
attribute this to the complexity of pathogenesis and
the diversity of clinical manifestations, which can
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piBeHb 3axBoptoBaHOCTi Ha PI3 npogoBxXye BNeBHEHO
3poctatu [3, 9]. OHKOMorn ue noB’A3yThb i3 CKIMALHICTHO
natoreHesy Ta Pi3HOMAHITHICTIO KNiHIYHUX MNPOSABIB,
LLIO MOXe CTBOPIOBATU 3HaYHI nepewkoan Ang eekTus-
HOro nikyBaHHs Ta npodinaktuku [10, 11, 12].

Y XBOpUX Ha pak rpygHoOi 3anos3v BUKOPUCTAHHSA
UMTOCTATUYHUX MpenapaTiB, TapretHMx areHTiB abo
iMyHOCYynpecopiB Mpu3BOAUTb [0 [MMOOKOro MpPWrHi-
YEHHs1 KIMITUHHOI Ta TrymMoparnbHOi TNaHOK iMYHITETY,
O € NiArPYyHTAM AN peakTmBauii pisHOMaHITHUX iHGek-
uirHux areHtiB [13, 14]. Tomy OOCRimKeHHs, NOB’A3aHi
3 MOLIYKOM Ta BMBYEHHAM edeKTMBHOCTI npenaparis,
O MalTb iIMYHOCTMMYIOBANbHY, reMOCTUMYIOBarbHY,
TOKCMKOMOAMMIKyBanbHy Ta renaTtonpoTEeKTOPHY Aito,
€ BeNbMM akTyanbHUMMU.

MeTa po60TU — y3aranbHUTU CyYacHi AaHi Wwoao poni
Tion-gucynbigHoOi CMCTEMU 1 OKUCHO-BIOHOBHOI PiBHO-
Barv y hOpMyBaHHi NPOTUMYXIIMHHOI IMYHHOI BignoBigi
Ta iMyHOCynpecii, iHOyKOBaHOI Heoa[ toBaHTHOK XimioTe-
panieto y XBOPYX Ha pak rpyaHoi 3amnoau.

MATEPIAAU TA METOAU AOCAIAXEHHSA

Minbip ny6nikauin BuMkOHaAHO 3a 6azamMu [aHWX
PubMed (https://pubmed.ncbi.nim.nih.gov/), Clinical Key
Elsevier (https://www.clinicalkey.com), Cochrane Library
(https://www.cochranelibrary.com/), eBook Business
Collection (https://www.ebsco.com/) Ta Google Scholar
(https://scholar.google.com/), y s€Kkux BWUCBITNOBaNUChL
BigOMOCTI Wwoao poni  Tion-gucynbdigHoi  cuctemu
Ta OKWCHO-BIOQHOBHOI piBHOBarM y perynadii iMmyHHOI
BigMNoBiAi, hapmakonoriyHnx BNacTMBoCTEN MOAYNSATOPIB
Tion-gucynbMigHOi cMCTeMM, a TaKoX iX MOTEHUiNHOro
3acToCyBaHHS B OHKOMOrii, 30KpeMa npu paky rpyaHoi
3ano3u. Ocobnuey yeary npuainsnu pobotam, npuces-
YeHMM IMyHOMOAYMNOBaNbHMM BNAcTUBOCTSAM  [ryTak-
CMMy, MexaHi3amam Woro Aii, Ta MOXIMBOCTSM BUKOpU-
CTaHHS Y KOMMNMEKCHI NPOTUNYXMHHIN Tepanii.

Ha neplomy etani 3gincHioBanu NOLLyK NnitepaTypHux
[pKepen 3a KIto4oB1MM crioBamu Ta ix kombiHauisimu: thiol-
disulfide system, redox regulation, glutathione system,
redox modulators, Glutoxim, immune response, antitumor
immunity, oxidative stress, breast cancer, chemotherapy,
immunomodulation.

Ha ppyromy eTani npoBoavnu nepBuHHWUIA Biabip
nybnikauin WnaxoM aHanisy Hase Ta pestoMe craTei
3 noganblUMM BUKITKOYEHHSIM POBIT, Wo He Bignosiganu
MEeTi JocnigkeHHs abo He MICTUNKM AO0CTaTHLOI HAaYKOBOT
iHdbopMauii Woao MexaHi3aMiB OKMCHO-BIAHOBHOI pery-
nauii iMyHHoT Bignosigi abo dapmakonoriyHux BnacTu-
BOCTEN MOAynAaTopiB Tion-Ancynb@igHoi cuctemu.

Ha Tpetbomy eTani 3gilicHioBany nornuoneHuia
aHarni3 NoBHMX TEKCTiB BigibpaHux nybnikauin 3 meTor
OLIHKW X BiANOBIOHOCTI KPUTEPISIM BKITOYEHHS 40 Ornsaay,
a TakoX BU3HAYEHHS1 HAyKOBOI peneBaHTHOCTI OTPUMaHNX
pe3ynbTaTiB ANS y3aranbHEHHs! Cy4acHUX YsiBMEeHb NpPoO
POnb LMX CAONYK Y perynsauii npoTUNyXfIMHHOIO iMYHITETY.

KpuTtepismu BkntoveHHs nybnikauii go  Bubipku,
Lo nignsirana noganbLoMy KOHTEHT-aHanisy, oynu:

1. HasiBHICTb Cy4YaCHWX AaHMX OO0 PYHKLOHYBaHHS
Tion-gucynbgigHoi  cuctemu, nyTaTioHOBOrO MeTabo-
niamy Ta ix poni 'y perynsuii imyHHOI Bignosiai;

2. BUCBITNIEHHA  (papMaKOmoriyHUX  BnacTUBOCTEWN
i MexaHi3miB Aii MoaynsiTopiB OKMCHO-BIQHOBHOMO CTaHy

create significant obstacles to effective treatment and
prevention [10, 11, 12].

In patients with BC, the use of cytostatic drugs,
targeted agents, or immunosuppressants leads
to profound suppression of cellular and humoral immunity,
which is the foundation for the reactivation of various
infectious agents [13, 14]. Therefore, research related
to the development and study of the effectiveness
of drugs that have immunostimulating, hemostimulating,
toxicomodifying, and hepatoprotective effects is highly
relevant.

Objective — is to summarize current data on the
role of the thiol-disulfide system and redox balance

in the formation of antitumor immune response
and immunosuppression induced by neoadjuvant
chemotherapy in patients with BC.

MATERIALS AND METHODS

The selection of publications was made using the
PubMed (https://pubmed.ncbi.nim.nih.gov/), Clinical Key
Elsevier (https://www.clinicalkey.com), Cochrane Library
(https://www.cochranelibrary.com/), eBook Business
Collection (https://www.ebsco.com/), and Google Scholar
(https://scholar.google.com/). The publications covered
information on the role of the thiol-disulfide system and
redox balance in the regulation of the immune response,
the pharmacological properties of thiol-disulfide system
modulators, and their potential use in oncology, particularly
in BC. Particular attention was paid to studies devoted
to the immunomodulatory properties of glutathione, its
mechanisms of action, and potential use in complex
antitumor therapy.

At the first stage, literature sources were searched
using keywords and combinations thereof: thiol-disulfide
system, redox regulation, glutathione system, redox
modulators, Glutoxim, immune response, antitumor
immunity, oxidative stress, breast cancer, chemotherapy,
immunomodulation.

The second stage involved the initial selection
of publications by analyzing the titles and abstracts
of articles, followed by the exclusion of works that did not
correspond to the research objective or did not contain
sufficient scientific information on the mechanisms
of redox regulation in the immune response or the
pharmacological properties of modulators of the thiol-
disulfide system.

The third stage involved an in-depth analysis of the
full texts of selected publications in order to assess their
compliance with the criteria for inclusion in the review,
as well as to determine the scientific relevance of the
results obtained for summarizing current ideas about the
role of these compounds in the regulation of antitumor
immunity.

The criteria for including publications in the sample
subject to further content analysis were as follows:

1. availability of current data on the functioning of the
thiol-disulfide system, glutathione metabolism, and their
role in regulating the immune response;

2. highlighting the pharmacological properties
and mechanisms of action of modulators of the redox
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KNiTUHW, 30KpeMa T[ryTakCUMy, Yy KOHTEKCTi iMyHonorii
Ta OHKOSOTiT;

3. BIiONOBIOHICTb AOCHiMKEHb NPUHLUMNAM  [0Ka30BOI
MEOMUMHN  (EKCrepUMeEHTanbHi, KniHiYHi abo ornsagosi
po6oTK, onyGnikoBaHi y peLieH30BaHNX HAYKOBUX BULOAHHSIX);

4. HasiBHICTb BiOKPUTOrO OOCTYMy OO MOBHOIO TEKCTY
ny6nikauii abo MOXNUBICTb OTPUMAHHSI NMOBHOTEKCTOBOI
Bepcii Yepes HaykoBi 6ibriioTeyHi pecypcum.

OTpumaHi pxepena 6ynu cuctematvM3oBaHi Ta npoa-
Hani3oBaHi 3 BUKOpPUCTaHHAM meToAaiB GibniorpadivHoro,
MOPIBHANBHOIO Ta KOHTEHT-aHanidy, Wo pAano 3mory
y3aranbHUTW Cy4acHi HayKOBI YABNEHHS LLOAO pori Moay-
naTopiB Tion-ancynbMigHoOI cnuctemn y perynauii npotu-
NYXIIMHHOTO IMYHITETY.

PE3YABTATU TA IX OBFOBOPEHHS

1. IMyHOAOFI4Hi BUKAMKM CYHACHOI OHKOAOTiT

Ta MicLLe BiAHOBAEHHS OKMCHO-BIAHOBHOI

piBHOBArU B MPOTUMYXAUMHHOMY iMYHITETI

CyyacHa oHkonoris nepebysae y dasi koHuenTyasnb-
HOrO 3CYBY Bifi BUKIMIOYHO «MYXIIMHOLEHTPUYHOTO» Nigxony
00 iHTErpaTMBHOMO PO3yMiHHSI MYXMMHW SIK EKOCUCTEMM,
B SIKili BMpiLLanbHy pornb y nepebiry xsopobu Ta Bignosiai
Ha nikyBaHHSA Bifirpae NyxnvHHe MiKpOOTOYeHHSA (tumor
microenvironment — TME) [15].

Mig TME po3ymiloTb CyKynHIiCTb MYyXMAMHHUX KMITWH,
CTPOManbHUX  efleMeHTIB, CYAWHHOr0  KOMMOHEHTa
Ta HQINLTPYIOUYNX IMYHHUX KMITUH, B3aEMOOIA SKUX
dopmye deHoTMn iMyHHOro Harnsgy abo iMyHHOT
BTedi [16, 17]. MNMonpwn 3Ha4Hi OOCATHEHHS B iMyHOTe-
panii, y 3Ha4YHOT YacTKM NauieHTIB 36epiraeTbCcst NepBUHHA
abo HabyTa pesuCTEeHTHICTb, WO MigKpecntoe noTpedy
B YTOYHEHHI MexaHi3miB imyHocynpecii B TME Ta nowyky
dhapmakonoriyHmx «Baxenisy ii pesepcii [15].

Knio4oBnM iMyHOMOMYHUM BUKIIMKOM € (DOPMYBaHHSA
«XonogHux» abo  iIMYHHO-EKCKIO3MBHUX  MYXMUHHUX
deHoTUNIB, AN SKUX XapaKTepHi HegoCTaTHA iHMinb-
Tpauis edpektopHuMK T-nimouuTamm, ANCPYHKLISA aHTH-
reHnpeseHTauii Ta nepeBaXaHHs CynpecopHUX nonynsuin
(perynaTtopHi T-KNiTUHW, MIENOIAHI CYNnPecopHi KNiTUHW,
M2-nogi6Hi makpodparu) [18]. Mpu paky rpyaHoi 3anosu
reteporeHHictb TME Ta pisHun cknag iMyHHOro iHinb-
TpaTy acouiloTbCA 3 BiAMIHHOCTSIMU KNiHIYHOI NOBEAiHKM
Ta YyTAMBOCTI 4O CUCTEMHOI Tepanii, WO Y3rofKyeTbCs
3 KOHLENUIE KOHTEKCT-3anexHoi edeKTUBHOCTI NpoTu-
NyXNMHHOTO iMyHiTeTy [18].

OkpeMum LwapoM npobrnemun € iHOykoBaHi Tepanieto
3MiHM iIMYHHOI peakTuBHOCTI. [16]. LiuToTokcnyHa Ximi-
oTepanis MoXe noeaHysBaTn OBi MPOTUNEXHI iMyHOno-
riyHi TpaekTopii: 3 ogHOro GOKy — iHOYKLi0 iMyHOreHHOT
3arnbeni KNiTMH i NigBULLEHHS AHTUIEHHOCTI MyXIUHMK,
3 iHLLOrO — YLUIKOXKEHHS LUBUAKONPOidhepyoUumnx iMyHHNX
KNiTUH Ta 3cyB y Bik iMyHOCYnpecrBHMX NporpamM BifHOB-
neHHs TkaHuH [15, 19]. YHacnigok uboro, HaBiTb 3a HasiB-
HOCTi €PEKTUBHOIO 3MEHLLEHHS MyXIMHHOT Macu, Moxe
36epiratucs yHKUIOHANBHO «BUCHAXEHWUIAY Nyn T-KNiTUH
Ta HecnpusaTnMBa sIKICTb IMYHHOT Mam’siTi, WO obmexye
TpUBanicTb KOHTPOMO 3axBoptoBaHHs [20].

BkasaHi ¢eHoMeHM MatoTb ChinbHWIA  BionoriYHuiA
3HAMEHHWK — CTPECOBi CUrHanu Ta meTtaboniyHi obme-
XeHHst B TME, cepepn sikunx nposigHe micLe nocigae nopy-
LLUEHHS OKMCHO-BiAHOBHOI piBHOBarun (redox balance) [19,
21]. Ok1CHoO-BiAHOBHA piBHOBAara BU3HA4YaeTbCHA CMiBBiA-
HOLLEHHSIM MPOOKCUAAHTHNX (PaKTOPIB (peakTUBHI hopmMu

state of cells, in particular glutathione, in the context
of immunology and oncology;

3. compliance of research with the principles
of evidence-based medicine (experimental, clinical,
or review studies published in peer-reviewed scientific
journals);

4. the availability of open access to the full text of the
publication or the possibility of obtaining a full-text version
through scientific library resources.

The sources obtained were systematized and analyzed
using bibliographic, comparative, and content analysis
methods, which made it possible to summarize current
scientific ideas about the role of modulators of the thiol-
disulfide system in the regulation of antitumor immunity.

RESULTS AND DISCUSSION

1. Immunological challenges of modern
oncology and the role of restoring redox
balance in antitumor immunity

Modern oncology is undergoing a conceptual shift from
an exclusively «tumor-centric» approach to an integrative
understanding of the tumor as an ecosystem in which the
tumor microenvironment (TME) plays a decisive role in the
course of the disease and response to treatment [15].

TME refers to the aggregate of tumor cells, stromal
elements, vascular components, and infiltrating
immune cells, whose interaction forms the phenotype
of immune surveillance or immune escape [16, 17].
Despite breakthroughs in immunotherapy, a significant
proportion of patients remain primarily or secondarily
resistant, highlighting the need to refine the mechanisms
of immunosuppression in the TME and search for
pharmacological «levers» to reverse it [15].

A key immunological challenge is the formation of
«cold» or immune-exclusive tumor phenotypes, which
are characterized by insufficient infiltration by effector
T lymphocytes, dysfunction of antigen presentation,
and a predominance of suppressor populations
(regulatory T cells, myeloid suppressor cells, M2-like
macrophages) [18]. In BC, TME heterogeneity and
different immune infiltrate composition are associated with
differences in clinical behavior and sensitivity to systemic
therapy, consistent with the concept of context-dependent
antitumor immunity efficacy [18].

A separate aspect of the problem is therapy-induced
changes inimmune reactivity [16]. Cytotoxic chemotherapy
can combine two opposing immunological trajectories:
on the one hand, the induction of immunogenic cell
death and increased tumor antigenicity, and on the other,
damage to rapidly proliferating immune cells and a shift
toward immunosuppressive tissue repair programs [15,
19]. As a result, even with effective reduction of tumor
mass, a functionally «depleted» pool of T cells and poor
immune memory quality may persist, limiting the duration
of disease control [20].

These phenomena have a common biological factor —
stress signals and metabolic restrictions in the TME,
among which the disruption of the redox balance plays
a leading role [19, 21]. The redox balance is determined
by the ratio of pro-oxidant factors (reactive oxygen
species — ROS; reactive nitrogen species — RNS) and
antioxidant systems that maintain controlled oxidative
signaling without transitioning to damaging oxidative
stress [21, 22]. Tumor cells and TME cells often exist
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KncHio — reactive oxygen species — ROS; peaktusHi
dopmu a3oTy — reactive nitrogen species — RNS) Ta aHTu-
OKCUAAHTHUX CUCTEM, SKi MIATPUMYHOTb KOHTPOIbOBaHi
CUrHarnbHi OKMCHeHHs 6e3 nepexody 00 YLIKOOKyBarib-
HOro okcmpatuBHOro ctpecy [21, 22]. MyxnuHHI KNiITUHN
Ta knitmim TME 4acTto icHyloTb B YMOBax NMiABULLIEHOTO
6asanbHOro OKCMAATMBHOTO HABaHTaXEHHS!, MOB’A3aHOro
3 MeTaboniyHo nepebyaoBoto, TMOKCiE Ta 3anarnb-
HAMK megiaTopamu, Wwo OopMye ajanTauiHUM «aHTu-
OKCUMAAHTHUI WMT» | BOOHOYAC 3MiHIOE (OYHKLLIOHANBHICTb
iMyHHMX edbekTopiB [17, 19, 23].

IMyHHI  KMiTUHW,  GKi IHQINBTPYIOTE  NYXINHY,
He € MacUBHUMK «MilLEHSIMUY OKCUAATMBHOMO BrSIMBY,
a cawmi ctatotb axkepernom ROS Ta yyacHukamu pegokc-
curHaninry [22, 24]. MokasaHo, wo ROS, npoagykoBaHi
daroumTamm Ta iHWKuMK nonynsuiamm B TME, MoxXyTb
MOZYMOBaTW  aHTUreHnpeseHTauito, deHoTun nonspu-
3auii makpodaris, akTMBHICTb NK-KNiTUH | pyHKUiOHANbHY
npugatHicte CD8* T-nimdouuTie, nNpu4yoMy HanpsaMok
edhekTy 3anexuTb Bi4 NOKanbHOI KOHLUEHTpaLii, TpuBa-
NOCTi eKcrno3uuii Ta aHTUOKCUAAHTHOI EMHOCTI KniTu-
HU-miweHi [21, 24]. Takum 4mMHOM, pepokc-ctaH y TME
cnig po3rnsaaaTy K perynaTopHUN «By30mny, SKUN 3aaTeH
0QHOYacCHO NiATPMMYBATU MYXIUHHY BWXXUBAHICTb | 0OMe-
XKyBaTu MPOTUMYXMMHHI iIMYHHI MeXaHi3Mu, L0 CTBOPHOE
niarpyHTa Ana tepanesBTMYHOT mogynauii [19, 23].

3 no3uui OKa30BOI MEQULIMHU BAXKITUBUM € PO3MEXK-
YyBaHHS MPUYUHHO-HACNIOKOBUX NaHUOrB Ta ansTepHa-
TUBHMX NOSACHEeHb [22]. OkcmpaTtvBHMI aucbanaHc Moxe
OyTV K NEPBUHHMM YMHHMKOM iMyHOCYNpECii (4epe3 npsami
OKMUCHI Mogudpikauii curHanbHUx GinkiB i peuenTopis), Tak
i BTOPMHHMM MapKepOM FiNoKCii, MeTabonivyHOi KOHKYpeHLil
3a NOXMBHI CybGCTpaTh abo XPOHIYHOIO 3anarneHHs, siki cami
no cobi NpurHivytoTb epekTopHi iMyHHiI Bignosiai [15, 21].

Pusnk cuctematuyHux noxmboK y  TpakTyBaHHi
penokc-ePeKTiB  3yMOBMEHUA  BiAMIHHOCTAMU MeETOAIB
petekdii  ROS/RNS, npocTtopoBold HEOOHOPIAHICTIO
TME Ta pi3HMM BHECKOM CYOKNITMHHWX KOMMapTMEHTIB
y 3aranbHui pegokc-npodine [22, 25].

Y UbOMYy KOHTEKCTi 0cobnmBOro 3HadeHHs HabyBae
Tion-gucynbdigHa cuctema sk yHiBepcarnbHa nnatgpopma
penokc-perynauii [25, 26]. TionbHi rpynyM LUCTEIHOBKX
3anuwkiB 'y 6Ginkax MOXyTb nigaaBaTucss O0BOPOTHUM
OKUCHUM  moaudpikauisiM, WO  3MiHIOE  aKTUBHICTb
hbepMeHTiB, TPaHCAYKLi0 CUrHamiB Ta TPaHCKPUMLNHI
nporpamu, 3abesnevyloun LWBMAKE «HanawwTyBaHHA»
iIMYHHOI KMITUHW NiJ YMOBUW MIKPOOTOYEHHS [26]. OGopoTHI
Tion-3anexHi moaudikauii, 3okpema S-rryTaTioHinto-
BaHHSA (S-glutathionylation), po3rnagatoTbecsa Sk MexaHiam
O[HOYACHOrO 3axmUCTy BirkiB Big HEOGOPOTHOrO OKUCHEHHSI
Ta TOHKOTO PErynioBaHHA CUTHArHIY, WO Mae NOTEHLiHY
peneBaHTHICTb AN KepyBaHHSA NMPOTUMYXIMHHUMU (OYHK-
Lismu T-KNiTWH | BpogeHnx edekTopis [25, 26].

FnyTartioHoBa cucTeMa (BigHOBNEHWI myTaTioH — GSH;
OKUCHeHWI rnyTaTioH — GSSG) € ueHTpanbHUM 6ycdepom
KNITUHHOTO PELOKC-MOTeHUjany i BU3Ha4Ya€e 3AaTHICTb
KMNiTUH MPOTUCTOATM OKCUAATMBHUM Mikam, He BTpadaiouu
CurHanbHOi nnactuyHocTi [25]. Cy6kniTmHHa komnapT-
MeHTanizauis GSH (un1To3onb, MiTOXoHApIT, eHgonnasma-
TUYHWUIA PETUKYNYM, S4p0) POPMYE Pi3HI «MIKPOZOMEHM»
peaoKc-perynsauii, Lo MOXe NosiCHIBAaTU BapiabenbHiCTb
iIMYHHUX (PEHOTUMIB NMPWY OAHAKOBMX CUCTEMHMX MOKas-
HMKax okcupgaTumBHoro ctpecy [25]. Y TME, ge noegHy-
FOTbCA TMOKCis, aunaos i gediunt noxmBHUX cybeTparis,
came 0OMEXeHHS aHTMOKCMAAHTHOI EMHOCTI €(DEeKTOPHUX
nimcounTiB  MOXe BUCTYNaTM  «BY3bKUM  MiCLEMY,

in conditions of increased basal oxidative stress associated
with metabolic restructuring, hypoxia, and inflammatory
mediators, which forms an adaptive «antioxidant shield»
and simultaneously alters the functionality of immune
effectors [17, 19, 23].

Immune cells that infiltrate tumors are not passive
«targets» of oxidative stress, but themselves become
sources of ROS and participants in redox signaling [22,
24]. It has been shown that ROS produced by phagocytes
and other populations in the TME can modulate antigen
presentation, macrophage polarization phenotype, NK cell
activity, and CD8" T cell functional competence, with the
direction of the effect depending on local concentration,
duration of exposure, and antioxidant capacity of the
target cell [21, 24]. Thus, the redox state in the TME should
be considered as a regulatory «hub» that is capable
of simultaneously supporting tumor survival and limiting
antitumor immune mechanisms, which creates the basis
for therapeutic modulation [19, 23].

From the perspective of evidence-based medicine,
it is important to distinguish between causal chains and
alternative explanations [22]. Oxidative imbalance can
be both a primary factor in immunosuppression (through
direct oxidative modifications of signaling proteins
and receptors) and a secondary marker of hypoxia,
metabolic competition for nutrient substrates, or chronic
inflammation, which themselves suppress effector
immune responses [15, 21].

The risk of systematic errors in the interpretation
of redox effects arises from differences in ROS/RNS
detection methods, spatial heterogeneity of the TME, and
varying contributions of subcellular compartments to the
overall redox profile [22, 25].

In this context, the thiol-disulfide system as a universal
redox regulation platform becomes particularly
important [25, 26]. The thiol groups of cysteine residues
in proteins can undergo reversible oxidative modifications,
which alter enzyme activity, signal transduction, and
transcriptional programs, ensuring rapid «tuning»
of immune cells to microenvironmental conditions [26].
Reversible thiol-dependent modifications, particularly
S-glutathionylation, are considered as a mechanism
for simultaneous protection of proteins from irreversible
oxidation and fine-tuning of signaling, which has potential
relevance for the control of antitumor functions of T cells
and innate effectors [25, 26].

The glutathione system (reduced glutathione — GSH;
oxidized glutathione — GSSG) is the central buffer
of cellular redox potential and determines the ability
of cells to withstand oxidative peaks without losing
signaling plasticity [25]. Subcellular compartmentalization
of GSH (cytosol, mitochondria, endoplasmic reticulum,
nucleus) forms various redox regulation «microdomains,»
which may explain the variability of immune phenotypes
with identical systemic oxidative stress indicators [25].
In TME, where hypoxia, acidosis, and nutrient substrate
deficiency are combined, it is precisely the limitation of the
antioxidant capacity of effector lymphocytes that may act
as a «bottleneck» contributing to functional dysfunction
and exhaustion [15, 20].

At the same time, the thioredoxin system (thioredoxin —
Trx; thioredoxin reductase — TrxR) ensures the restoration
of oxidized protein thiols and maintains redox control
of transcription factors and stress responses [27]. It has
been demonstrated that the Trx-system can mediate the
adaptation of tumor cells to elevated ROS and promote
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WO cnpusie yHKUiOHanNbHIN ANCAHYHKLiI Ta BUCHa-
XenHto [15, 20].

MapanenbHo, TiopegokcuHOBa cuctema  (Tiope-
pokcnH — thioredoxin — Trx; TiopegokcuHpeaykTasa —
thioredoxin reductase — TrxR) 3abes3neyye BigHOBNEHHS
OKUCHEHMX BiNKoBuUX TioniB i NigTPUMye peaoKC-KOHTPOSb
TPaHCKPUNUiNHMX akTopiB Ta cTpec-Bignosigen [27].
MpogeMoHcTpoBaHo, Wo Trx-cuctemMa MoXe onocepen-
KOByBaTU afanTauilo NyXAMHHUX KIITUH OO NigBuLle-
Horo ROS Ta cnpusaATV BUXKMBAHOCTI, @ TaKOX BNIMBATU
Ha B3aeMOZit0 MyXJIMHU 3 IMYHHOI0 CUCTEMOID, LLIO pobUTb
il MOTEHUiNHOI TepaneBTUYHOK MILLEHHI0 B pamKax
penokc-moaynadii [23, 27].

TakMM 4YMHOM, Miclue BIAHOBIIEHHS OKWUCHO-BiOHO-
BHOI piBHOBary B MPOTUMNYXIIMHHOMY iMYHITETI monsrae
He y «HecneuudiyHoMy npurHiveHHi ROS», a y Hopma-
nisauii  pegoKkc-curHamniHry 4o gianasoHy, CyMiCHOro
3 ePEKTOPHOK OYHKLIED IMYHHUX KITITUH Ta KOHTPONem
NyxnuMHHOI aganTauii. KniHiyHO 3HauyLliow rinoTesor
€ Te, WO pedoKc-MoaynaTopu, ki OiloTb Yyepes Tion-au-
cynbigHi  MexaHi3Mu Ta rnyTaTioH3anexHi peakuii,
MOXYTb MiOBWLLYBATU «iMYHHY MPUOATHICTb» OpraHiamy
nig yac cuCTeMHOi Tepanii, 3MeHLy4YM iMyHOCynpe-
CVBHi Hacnigku CTPecoBWX BMNUBIB, He OGMokyloun npu
LbOMY MPOTUMYXIMHHI NMPOOKCUMAAHTHI MeXaHi3amMu LuTOo-
TOKCMYHOCTI. Taka KOHUenNUis y3romKyeTbCs 3 Cy4acHUMMU
YSIBMEHHAMW Mpo noABiiHWMA xapaktep ROS y nyxnuvH-
HOMY MpPOLECi Ta HEOOXiAHICTb KOHTEKCT-3aNeXHOro Kepy-
BaHHA pegokc-rnaHutoramu B TME.

2. OKUCHO-BIAHOBHQ PiBHOBArA KAITUHU

AIK KAOHOBUM YUHHUK PETYAALLl IMyHHOI BiANOBiAi

OkucHo-BigHOBHa  piBHOBara (pegokc-roMmeocTas)
iIMYHHOI KNiTUHW BU3HAYaETbCS OUHAMIYHOK B3aEMOZIE0
mix yTBopeHHaM ROS, RNS Tta peaktvBHux hopm Cipku
(reactive sulfur species — RSS) Ta ix bepmeHTaTnBHO0
i HedbepMEeHTaTUBHOK [OETOKCUKALiE, a TakoX cucte-
MaMW BigHOBMNEHHS TioniB GiNkiB i HU3bKOMONEKYNAPHNX
TioniB. Y cy4acHin KoHuenuii «pedoKC-Koay» KITHo4OBOH
€ He nuvwe npodinakTKa «OKVCHIOBANbHOIO OUCTPECY»,
a " nigTpyMaHHa @i3ioNoriYyHNX «XBWUMb» BTOPUHHUX
mecenxepiB (nepeaycim H-0:), siki 3abesnevytoTb curHa-
NiHr Yepe3 000POTHE OKUCHEHHS LMCTEIHOBMX 3arnuLUKiB
y perynaTopHux Ginkax [28].

2.1. AxepeAa peAOKC-CUTHAAIB B iIMyHHUX

KAITUHOX TA NPUHLUNK iIX TPOCTOPOBO-

4YacoBOI OpraHizawii

OcHoBHuMK mxepenamm ROS B iMyHHMX KRiTMHaX
€ MITOXOHAPIanbHUA eNeKTPOH-TPaHCMOPTHUA  MaHLoT,
NADPH-okcuaasu (NOX), engonnasmaTuyHum peTukynym
i nepokcucomu, Todi gk RNS dopmytoTbca nepeBaxHo
3a yyactio NO-cuHTas, a RSS — BHacnigok metaboniamy
CIPKOBMICHUX CMOMYK 3 yTBOpPeHHAM H.S Ta cnopigHeHux
dopwm. MNMokasaHo, wo GionoriyHa gis ROS Bu3HavaeTbeA
He abCconioTHNM piBHEM, @ MIKPOAOMEHHUM PO3MOAiNoMm,
TPUBanNICTIO | «KaHanisauielo» curHany no 4YyTrimBuX
Tionie-miweHen; HagnuwkoBi, Audy3Hi abo Tpusani
nignomn ROS 3ymoBnioOTL nepexia Big CuUrHaniHry
[0 YLIKOOXKEHHST Makpomonekyrn [29].

PyHKUiOHaNbHa — cneundidHICTb  pPefoKC-cUrHanis
3abe3nevyeTbes cuctemMamm «pefokc-nepegadi»
(thioredoxin system; glutathione system) i cdepmeHTa-
Mu-»0ydepamu»  (NMEPOKCMPEAOKCUHK,  FMyTaTioHne-
pokcmaasn), siki O4HOYaCHO 0OMEXYHTb TOKCUYHICTE ROS
i CnpusOTb CENEKTUBHOCTI OKWCHEHHS pPerynsiTopHuX

survival, as well as influence the interaction of the tumor
with the immune system, making it a potential therapeutic
target in redox modulation [23, 27].

Thus, the restoration of redox balance in antitumor
immunity does not consist in «nonspecific suppression
of ROS», but in the normalization of redox signaling
to a range compatible with the effector function of immune
cells and control of tumor adaptation. A clinically
significant hypothesis is that redox modulators acting
through thiol-disulfide mechanisms and glutathione-
dependent reactions can increase the body’s «immune
fitness» during systemic therapy, reducing the
immunosuppressive effects of stressors without blocking
the antitumor prooxidant mechanisms of cytotoxicity. This
concept is consistent with current ideas about the dual
nature of ROS in the tumor process and the need for
context-dependent control of redox chains in the TME.

2. Oxidative-reductive equilibrium of cells
as a key factor in regulating immune response
The redox balance (redox homeostasis) of immune
cells is determined by the dynamic interaction between
the formation of ROS, RNS, and reactive sulfur
species (RSS) and their enzymatic and non-enzymatic
detoxification, as well as the systems for the reduction
of protein thiols and low-molecular-weight thiols. In the
modern concept of the «redox code,» the key is not
only the prevention of «oxidative distress,» but also the
maintenance of physiological «waves» of secondary
messengers (primarily H.0:), which provide signaling
through the reversible oxidation of cysteine residues
in regulatory proteins [28].

2.1. Sources of redox signals in immune cells and
principles of their spatial-temporal organization

The main sources of ROS in immune cells are the
mitochondrial electron transport chain, NADPH oxidases
(NOX), the endoplasmic reticulum, and peroxisomes,
while RNS are formed mainly with the participation of NO
synthases, RSS is produced as a result of the metabolism
of sulfur-containing compounds with the formation of H.S
and related forms. It has been shown that the biological
effect of ROS is determined not by its absolute level, but
by its microdomain distribution, duration, and «channeling»
of the signal to sensitive thiol targets; excessive, diffuse,
or prolonged increases in ROS cause a transition from
signaling to damage to macromolecules [29].

The functional specificity of redox signals
is ensured by redox transmission systems (thioredoxin
system; glutathione system) and «buffer» enzymes
(peroxiredoxins,  glutathione  peroxidases), which
simultaneously limit the toxicity of ROS and promote
the selectivity of oxidation of regulatory cysteines.
From the perspective of evidence-based medicine, this
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LUMCTETHIB. 3 NO3uLili A0KaA30BOI MEAULMHU Lie NOSICHIOE,
YoMy HecreuuMdiyHe  «MNPUTHIYEHHA  OKCMOATUBHOMO
CTpecy» aHTUOKCUMOAHTaMW He 3aBXAU TPaHCMIETHCA
y KMiHiYHY KOpPUCTb: hisionorivyHi pegokc-curHanu € ckna-
[OBOK HOpMarbHOI akTuBauii iMyHITETY, a «HagMipHa
penykuig» MOXe iHOyKyBaTW CTaH «peayKTUBHOIO
OUCTPEeCy» 3 MOPYLUEHHSM curHaniHry [28].

2.2. TioA-aAucyAbdbiAHI nepemukasi

TA NOCTTPAHCAALIMHI peAokc-moaundpikauii

AIK MOAEKYASIPHA (MOBQ) iMyHOpPeryAaLii

Krnio4oBO ~ MOMEKYNApHOK  OCHOBOK  pefoKC-
KOHTPOJO BBaXarTbCs 060pOTHI MoamdikaLii uMcTeiHiB
(S-cynbteHuntoBaHHs1, S-rnyTaTiOHINIOBaHHSA, S-HITPO3K-
NOBaHHSA) Ta (popMyBaHHS/BIQHOBINEHHST ANCYNbAIAHNX
3B’A3KiB, SKi 3MiHIOIOTb aKTMBHICTb ()epMeHTiB, agan-
TepHux OinkiB i dakTopiB TpaHckpunuii. Taki «pemokc-
nepemvikadi» 3AaTHi iHTerpyBatu meTaboniyHui cTaH
knitnHn (NADPH/NADP*, GSH/GSSG) i3 30BHiWHiMK
IMYHHUMUW CTMMYyrnamu, 3a6e3nevyoun KOHTEKCT-3anexHy
BiANoBiab 6e3 HeobXIQHOCTI 3MiH eKCrpecii reHis y nepLui
XBUNWHW akTmBaLii [28].

B iMyHHMX KMiTUHaX pegoKc-CcurHaniHr PyHKUioHanbHo
MOB’A3aHWN i3 YEPBOHUMU FiHIAMW KITFOYOBUX KacKkadiB —
NF-kB, HIF-1, AMPK, mTOR, MAPK — yepe3 uyTtnusi
[0 OKUCHEHHS BY3mnuM B Binkax-ceHcopax Ta gpocartasax.
Mpu LBOMY ansTepHaTVBHUM MOSCHEHHAM CMOCTEpPEeXy-
BaHUX «NPOpPeaoKC-eheKTiBY y Pi3HNX MOAENSAX € BiAMIH-
HOCTi y [AW3aliiHi eKCnepuMEeHTIB (TWn KNiTWH, piBeHb
MiNoOKCii, HasiBHICTb TNOKO3U/LUNCTEIHY, cnocid iHAyKuil
ROS), wWo 3ymOBniOe reTeporeHHiCTb BENMNUYUH edeKTy
1 obmexye npsime y3aranbHEHHs Ha KMiHiYHi cueHapii 6e3
cTpatudikauii 3a metaboniyHnmu ceHotunamum [30].

2.3. PeAOKC-KOHTPOAb iMyHOMeTaboAIZMY:

3B’A30K i3 edpeKkTopHOIO PyHKLjiEIO

TA BUCHODKEHHAM

Pepokc-romeocTtas € HeBif €éMHOK YAaCTUHOK iMyHO-
mMeTaboniyHoro nepenporpamMyBaHHs: akTuBauisa T-nim-
doumnTiB  CynpOBOMKYETLCS  3POCTaHHAM  NoTpebu
B eHeprii Ta 6i0CUHTESI, L0 3MIHIOE MOTOKN Yepes rMiKonis,
neHTododocdatHni wnax (ak gpxepeno NADPH), umkn
TPUKaApOOHOBMX KMUCMOT Ta OKUCHE (hOCCOPUIIIOBAHHS,
a oTXe — i «pefgokc-naHawadT™» knitnHn [31]. MokasaHo,
wo 3cyB rnikonizy y CD8* T-kniTvHax 3gatHun mMogmdi-
KyBaTu iX akTuBauito, AndepeHduiadilo Ta pyHKUioHanbHY
KOMMETEHTHICTb, L0 CTBOPKOE MiArPyHTS Ans meTaboriy-
HO-pedoKC TapreToBaHuX CTpaTerin NigCUINEHHA NpoTuW-
nyxnuHHOI Bignoeiai [32].

BoagHo4ac npnynHHO-HacnigKoBUIA 3B’A30K MidK peJoKC-
CTaHOM i eheKTOPHOI (PYHKLIiEI € ABOHANPSAMHUM: NiaBU-
LLIEeHHA MeTaboniyHOro MOTOKY MOXe 30iNnbluyBaTU reHe-
pauito ROS, a ROS, y cBoto 4epry, perynioiTb aKTUBHICTb
hepMEHTIB | TPAHCKPUMLINHMX Mporpam, Lo 3aKpinoTb
meTaboniyHuin peHoTun. Y KNiHIYHO peneBaHTHMX yMOBaXx
MYXIIMHHOTO MIKPOOTOYEHHS (FiNOKCis, AediLUUT NOXUBHNX
PEYOBMH, HaAJULLOK FakKTaTty, iMyHOCYNpecuBHi Mefia-
TOpW) Ui 3BOPOTHI 3B’A3KM MOXYTb CNpUAT (POPMYBaHHIO
«BUCHaXeHoro» ceHotuny T-kniTuH, e penokc-avcba-
NaHC € He EAMHOI0 MPUYUHOIO, @ OAHUM i3 KOHBEPTreHTHMX
mogudcpikatopis [30].

explains why nonspecific «suppression of oxidative
stress» by antioxidants does not always translate into
clinical benefits: physiological redox signals are part
of normal immune activation, and «excessive reduction»
can induce a state of «reductive distress» with impaired
signaling. [28].

2.2. Thiol-disulfide switches and post-
translational redox modifications as the
molecular «clanguageyn of immunoregulation

The key molecular basis of redox control is considered
to be reversible modifications of cysteines (S-sulfenylation,
S-glutathionylation, S-nitrosylation) and the formation/
restoration of disulfide bonds, which alter the activity
of enzymes, adapter proteins, and transcription factors.
Such «redox switches» are capable of integrating
the metabolic state of the cell (NADPH/NADP-,
GSH/GSSG) with external immune stimuli, providing
a context-dependent response without the need
for changes in gene expression in the first minutes
of activation [28].

In immune cells, redox signaling is functionally linked
tothe key cascades—NF-«kB, HIF-1,AMPK, mTOR, MAPK —
through oxidation-sensitive nodes in sensor proteins
and phosphatases. At the same time, an alternative
explanation for the observed «pro-redox effects»
in various models is differences in experimental design
(cell type, hypoxia level, presence of glucose/cysteine,
method of ROS induction), which causes heterogeneity
in the magnitude of the effect and limits direct
generalization to clinical scenarios without stratification
by metabolic phenotypes [30].

2.3. Redox control of immunometabolism:
connection between effector function
and exhaustion

Redox homeostasis is an integral part
of  immunometabolic reprogramming: activation
of T lymphocytes is accompanied by an increase
in energy demand and biosynthesis, which alters flows
through glycolysis, the pentose phosphate pathway (as
a source of NADPH), the tricarboxylic acid cycle, and
oxidative phosphorylation, and thus the redox landscape
of the cell [31]. It has been shown that glycolysis shift
in CD8" T cells can modify their activation, differentiation,
and functional competence, which creates a basis for
metabolically redox-targeted strategies to enhance
antitumor response [32].

At the same time, the causal relationship between
redox status and effector function is bidirectional:
increased metabolic flux can increase ROS generation,
and ROS, in return, regulate the activity of enzymes and
transcriptional programs that determine the metabolic
phenotype. Under clinically relevant conditions of the
TME (hypoxia, nutrient deficiency, lactate excess,
immunosuppressive mediators), these feedback loops
may contribute to the formation of a «depleted» T-cell
phenotype, where redox imbalance is not the sole cause
but one of several convergent modifiers [30].

Ornag nitepatypu

407

Literature review



KapasiHcbkui imyHonoriyHuii xxypHan. 2025. T. 8. Ne 3(17). C. 401-428

Karazin Journal of Immunology. 2025;8(3(17)):401-428

ISSN 3083-5615 (Online)

2.4. NRF2 (nuclear factor erythroid 2-related

factor 2 - NRF2) sk By3AOBUI peAOKC-CEHCOP

i iMyHoperyasaTop

TpaHckpunuinHun - daktop NRF2  posrnspaeTscs
SK LleHTpanbHWIA perynaTop aHTUOKCUAAHTHUX | AeTOKCU-
KaLUiNHMX reHiB i BogHo4ac sk MoaudikaTop iMyHHOI Biano-
Bidi Yepes BNMMB Ha Nonapr3aLito BPOMKEHNX edhekTopiB,
LUMTOKIHOBMI NpOodinb i YyTNuBICTb A0 iHTEpdEPOHOBOIO
curHaninry [28]. MNokasaHo, Wo dapMakomnoriyHa akTu-
Bauis NRF2 moxe 3HWXyBaTM ekcnpecio peuenTtopa
iHTepdepoHy | Tuny Ta 3MiHOBaTM Nonsipu3aLito Makpo-
dariB y Hanpsmi pesontouii 3ananeHHs, Toai SK iHriby-
BaHHA NRF2 mae npotunexHi edekTu; Ui AaHi nigkpec-
NTL NPUYMHHY ponb NRF2-3anexHunx pegokc-nporpam
y dbopMyBaHHi iMyHHOro doeHoTuny [33].

Baxnueum € Te, wo NRF2-onocepenkoBaHi edektn
MOXYTb MaTu SK iMyHOMPOTEKTOPHWUW, TaK i NOTEHLiNHO
iIMYHOCYNPECUBHUIA KOMMOHEHT 3arexHO Bif KOHTEKCTY:
NOCUNEHHS aHTUOKCUMAAHTHOI BiAMNOBiAI 34aTHE 3MeH-
LWYBaTW YLIKOMKEHHA Ta NiGTPUMYBATU XUTTE3AATHICTb
edekTopiB, ane ogHoyacHo — obmexyBatn ROS-3anexHi
curHanu, HeoOXigHi Ang onTumanbHOi akTusauii [28].
Tomy npu iHTepnpertauii AOKMIHIYHWMX pesynbTaTiB
OOLUiNbHO BpaxoByBaTW ansTepHaTUBHI NOSACHEHHS (po3a/
TpuBanicte aktusauii NRF2; BuxigHuMn piBeHb okcuaa-
TMBHOIO CTPEeCy; TUM NyXINNHW; JOMiHYBaHHSA BPOMXKEHOTO
4 afanTUBHONO KOMMOHEHTIB BiAMOBIAI), O BU3HAYaOTb
Y3ro4KeHiCTb i3 NaTtoqisionoriyHumMmn mogensmu.

2.5. PeAOKC-3aAEXHA pPeryAfLis iMyHHUX

(KOHTPOABHUX TOYOK)» T iIMyHOCynpecii

Pepokc-ctaH BNnvMBae Ha eKcrpecito Ta yHKUIOHY-
BaHHA MOINeKyn iMyHOperynsuii, BKMIOYHO 3 niraHgamu
KOHTPONbHMX TOYOK, Yepe3 B3aEMOAi 3 TpaHCKpWnLi-
MHUMW nporpamMamy Ta MeTaboniyHumu Byanamu [30].
lMpogemMoHcTpoBaHo, WO  4-okTuniTakoHat  (4-octyl
itaconate) agaTHun aktnByBatM NRF2 Ta BogHovac Hera-
TMBHO perynoBatn ekcnpecito PD-L1 B ekcnepvmeH-
TanbHi MOAEnNi CUCTEMHOro 3ananeHHs, Lo incTpye
NMPUHLMMNOBY MOXIMBICTb (DPapMakomnoriYHoro «nepeHa-
nawTyBaHHS» pedoKc-ocel i3 Hacnigkamu Ans iMyHHOro
npurHiveHHs [34].

[na OHKOMOriYHOro KOHTEKCTY Ui AaHi MarTb obme-
KEHHS eKCTpanonsuii, OCKINbkM Mogeni 3ananeHHs
He BIATBOPIOKOTbL MOBHICTIO MeTaboniyHy apxiTekTypy
MyXIIMHHOTO  MIKPOOTOYEHHS Ta TpuBany iMyHOCY-
npecito [30]. BopgHouac ysrogxeHicTb i3 GasoBuMUK
mexaHiamamn  (NRF2-Keap1 BiCb; peOoKC-KOHTPOrb
TpaHCKpUWNLii; B3aemoaisa 3 metaboniamom makpodaris)
nigtpumye 6GionoriyHy npa.gonodibHICTL 3acTocyBaHHA
pPEenoKC-MOAYNATOPIB  AK a4'loBaHTIB A0  iMyHoTepanii
3a yMOBW pauioHanbHoi ctpatudikadii [28].

2.6. TAYyTATIOHOBA AGHKA TA AOCTYMHICTb

LUCTEIHY: CUCTEMHUI PiBEHb PEAOKC-

obMexeHb iMyHiTeTy

ImyTtaTtion (GSH) i noB’a3aHnii 3 HUM Nyn UKUCTEIHY
€ KPUTUYHMMMU ONSA BiOHOBIEHHS OKUCHEHUX OBinkoBmx
TioniB, KOHTPOMIO MepoKcudiB Ta MiATPMMaHHA nponi-
depauii i dyHKUii iMyHHUX KkniTUH [28]. TpaHcnopTep
cuctemm xc (XCT;, reH SLC7A11) 3abesnedye imnopT
UMCTUHY 3 noAdanbluMM BiQHOBMEHHSAM OO0 UUCTEIHY
Ta cuHTteaoM GSH, wWwo pobuTb MOro BaXknvBUM BY3IOM
AK Y NYXNUHHUX KNITUHaX, Tak i B OKpeMMX Nonynsauisx
iIMYHHWX KniTUH [35].

2.4. NRF2 (nuclear factor erythroid 2-related
factor 2 — NRF2) as a key redox sensor and
immunoregulator

The transcription factor NRF2 is considered to be
a central regulator of antioxidant and detoxification genes
and, at the same time, a modifier of the immune response
through its influence on the polarization of innate
effectors, cytokine profile, and sensitivity to interferon
signaling [28]. It has been shown that pharmacological
activation of NRF2 can reduce the expression of type
| interferon receptors and alter macrophage polarization
toward inflammation resolution, whereas NRF2 inhibition
has the opposite effects; these data highlight the causal
role of NRF2-dependent redox programs in shaping the
immune phenotype [33].

Important to note is that NRF2-mediated effects
can have both immunoprotective and potentially
immunosuppressive components depending on the
context: enhancing the antioxidant response can reduce
damage and maintain the viability of effectors, but at the
same time limit ROS-dependent signals necessary for
optimal activation [28]. Therefore, when interpreting
preclinical results, it is advisable to consider alternative
explanations (dose/duration of NRF2 activation; baseline
oxidative stress; tumor type; dominance of innate
or adaptive response components) that determine
consistency with pathophysiological models.

2.5. Redox-dependent regulation of immune

checkpoints and immunosuppression

The redox state influences the expression and function
of immunoregulatory molecules, including checkpoint
ligands, through interactions with transcriptional programs
and metabolic hubs [30]. It has been demonstrated
that 4-octyl itaconate is capable of activating NRF2 and
simultaneously downregulating PD-L1 in an experimental
model of systemic inflammation, illustrating the
fundamental possibility of pharmacological «reset»
of redox pathways with consequences for immune
suppression [34].

For the oncological context, these data have
limitations in terms of extrapolation, since inflammation
models do not fully reproduce the metabolic architecture
of the TME and prolonged immunosuppression [30].
At the same time, consistency with basic mechanisms
(NRF2-Keap1 axis; redox control of transcription;
interaction with macrophage metabolism) supports
the biological plausibility of using redox modulators
as adjuvants to immunotherapy, provided that rational
stratification is applied [28].

2.4. Glutathione link and cysteine

availability: systemic level of redox

constraints on immunity
Glutathione (GSH) and its associated cysteine pool
are critical for the reduction of oxidized protein thiols, the
control of peroxides, and the maintenance of immune cell
proliferation and function [28]. The xc™ transporter (xCT;
SLC7A11 gene) imports cystine, which is then reduced
to cysteine and used in GSH synthesis, making it an
important hub in both tumor cells and certain immune cell

populations [35].
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Ha wmopensx paky rpygHOi 3amo3n  mnokasaHo,
wo gediunt xCT y MuLIen Moxe 3MeHLIyBaTh MeTacTa-
3yBaHHs 6e3 04eBWOHOTO MOPYLUEHHS 34ATHOCTI IMYHHOT
cuctemn popmyBaTu rymopanbHy W KNITUHHY Bigno-
BiOb, WO € apryMeHTOM Ha KOPUCTb MOTEHUIAHOI «Tepa-
NMEBTUYHOI LUMPOTU» BTPYYaHb Yy LMCTUH-IIYTaTiOHOBY
BiCb. Pasom i3 Tm, p13nku cmcteMmaTmyHux noxmbok npu
y3aranbHEeHHi BKoYalTb BMAoCneuundivHi BigMiHHOCTI
TPaAHCMNOPTY aMiHOKMUCIOT, pi3Hy ponb XCT y cybnonyns-
LisX iIMyHHUX KNITUH Ta 3anexHiCTb pesynbraTiB Big Tuny
NyXNvHKW, WO noTpebye HesanexHoro nigTBEepMKEHHS
B Pi3HUX MoOZensx i, 3a MOXNMBOCTI, Y TPaHCNSALiINHNX
[OCNIOKEHHSIX 3 IMYHOMOHITOpUHIrom [35].

2.7. PeponTo3 TA AiNONEPOKCHACLLIA

K PeAOKC-0NoCepeAKOBAHUI MEXAHI3M

moaudbikauii imyHHOI BianoBiAi

deponTo3 — dhopma perynboBaHoi 3armbeni KniTuH,
noB’'si3aHa 3 3ani3o3anexHow  ninonepokcuaauieto,
pO3rNagaeTbCa SK BaXNVMBUNA pPeOoKC-3anexXHUn npouec
Ha MepeTuHi iHEKLi, 3ananeHHsa Ta iMyHITeTy. IMyHo-
noriyHi Hacnigkn ¢eponTo3dy € noaBiiHUMK: 3 OJHOro
OOKy, BiH MOXXe 0OMeXxXyBaTV BUXKMBAHHS KNiTUH-MiLLEHEN
i 3MiHIOBaTM CMEeKTp curHanis Hebesneku, 3 iHWOro —
BNIIMBATU Ha XUTTE3AATHICTb Ta PYHKLi0 CaMUX iMYHHMX
edekTopiB Yepe3 BpasnMBICTb [0 MiMigHMX Nepokcuais
i 3aNeXHICTb Bif CUCTEM aHTUOKCUAAHTHOrO 3axucTy [36].

3 omgay Ha  MHOXWMHHICTB — pedoKC-3anexHux
Wwnsxis 3armbeni KNiTMH (anonTos3, HEKPOMTO3, MipPonTo3)
NPUYMHHE NPUNUCYBaHHSA IMYHHUX €(EeKTiB BUHATKOBO
eponTody noTpebye CyBOPOro KOHTPOSO KOHpayHAEpIB
(nepexpecHa akTuBauis KackagiB, 3MiHM MeTaboniamy
3anisa, CynyTHs TMOKCia), Wo € Qkepernom Bapiabernb-
HOCTi MiXX JOCMIIKEHHAMUN Ta OOMEXEHHAM O11s NPSIMOro
nepeHeceHHs Ha KIriHiYHY OHKOMOTito.

HaBegeHi paHi cBiguMTb, WO pepokc-romeocTas
IMYHHWX KIITUH € iHTerpanbHUM perynaTopoM CUrHamiHry,
MeTaboniyHoi aganTadii, AudepeHuiauii Ta edeKTopHoI
dyHKUii, @ TakoX BaXKNMBUM MOAUDIKATOPOM iMyHOCY-
npecii B yMOBax XpOHIYHOro ctpecy. Pegokc-BTpyYaHHSA
MOTEHLINHO MOXYTb  MiACUMNIOBATX  NPOTUNYXITUHHWUIA
IMYHITET nuLle 32 YMOBM KOHTEKCTHOI CENeKTUBHOCTI —
306epexeHHss  (i3ioNOoriYHOro  PedoKC-CUrHarmiHry — npu
KOpeKUii  MmaTonoriyHoro  AgucTpecy, WO METOAOoso-
riyHo Bumarae Oiomapkepie (Hanpuknag, GSH/GSSG,
mapkepu ninonepokcuaadii, NRF2-aktuBHicTb) i cTpa-
TMdikauii  nadieHTiB. Came uUel  KOHUEeNTyanbHUI
Kapkac € MmiacTaBok Afis nodarnbluoro aHanisy Mopyns-
TOpiB TiON-AMCYnb®igHOI cuctemMn Ta OOrpyHTYBaHHS
NepcrneKkTMB 3aCTOCYBaHHS [NyTakCUMy Y KOMMMEKCHI
NPOTUNYXJIMHHIA Tepanii, 30Kkpema npu paky rpygHoi
3anosu, i3 BpaxyBaHHAM MOTEHLIHOI KOPUCTI i pU3MKiB
penoKc-«nepeHanaluTyBaHHs» iMyHHOI BiAMoBiAi.

3. MoayASTOpPM TiOA-AUCYAbCDIAHOT

CUCTEMMU K HOBUM HANPAMOK

cdapmakoAaorivyHoi peryaduii imyHiTeTy

CyuyacHi ysBneHHs nNpo perynsuiio iMyHHOI BignoBigi
Jepani vacTiwe iHTerpyroTb KOHLUEMNUito peaoKc-3anex-
HOro KOHTPOSO KMNiTMHHMX CUrHaniB, BiAMOBIAHO OO sIKOT
OKUCHO-BIIHOBHUI CTaH KIITUHW BU3Ha4Yae aKkTuB-
HICTb KITHOYOBMX CUrHanbHUX KackagiB, meTtaboniyHmx
WAXiB | TPAHCKPUMNUINHMX NporpaM, LWo ¢opmyoThb
IMYHHUIA DeHOTUN. Y LIbOMY KOHTEKCTi Tion-avcynbdigHa
cuUCTeMa PO3rMSAAETbCA K OQUH i3 LeHTpanbHUX Mexa-
HI3MIB KNITMHHOI aganTtauii 40 3MiH pefoKC-MoTeHuiany

BC models have shown that xCT deficiency in mice
can reduce metastasis without apparent impairment
of the immune system’s ability to form humoral and
cellular responses, arguing for the potential «therapeutic
breadth» of interventions in the cystine-glutathione
axis. At the same time, risks of systematic errors
in generalization include species-specific differences
in amino acid transport, different roles of xCT in immune
cell subpopulations, and dependence of results on tumor
type, which requires independent confirmation in different
models and, if possible, in translational studies with
immunomonitoring [35].

2.7. Ferroptosis and lipoperoxidation
as a redox-mediated mechanism
of immune response modification

Ferroptosis, a form of regulated cell death associated
with iron-dependent lipoperoxidation, is considered
an important redox-dependent process at the
intersection of infection, inflammation, and immunity. The
immunological consequences of ferroptosis are twofold:
on the one hand, it can limit the survival of target cells and
alter the spectrum of danger signals; on the other hand,
it can affect the viability and function of immune effectors
themselves due to their vulnerability to lipid peroxides and
dependence on antioxidant defense systems [36].

Given the multiplicity of redox-dependent cell death
pathways (apoptosis, necroptosis, pyroptosis), attributing
immune effects exclusively to ferroptosis requires strict
control of confounders (cross-activation of cascades,
changes in iron metabolism, concomitant hypoxia), which
is a source of variability between studies and a limitation
for direct transfer to clinical oncology.

The data presented indicate that redox homeostasis
of immune cells is an integral regulator of signaling,
metabolic adaptation, differentiation, and effector function,
as well as an important modifier of immunosuppression
under conditions of chronic stress. Redox interventions
can potentially enhance antitumor immunity only under
the condition of contextual selectivity — preservation
of physiological redox signaling while correcting
pathological distress — which methodologically requires
biomarkers (e.g., GSH/GSSG, lipoperoxidation markers,
NRF2 activity) and patient stratification. This conceptual
framework is the basis for further analysis of modulators
of the thiol-disulfide system and justification of the
prospects for the use of glutaxime in complex antitumor
therapy, in particular for BC, taking into account the
potential benefits and risks of redox «reset» of the
immune response.

3. Modulators of the thiol-disulfide system

as a new direction in pharmacological

regulation of immunity
Modern ideas about the regulation of immune
responses increasingly integrate the concept of redox-
dependent control of cellular signals, according
to which the redox state of a cell determines the
activity of key signaling cascades, metabolic pathways,
and transcriptional programs that shape the immune
phenotype. In this context, the thiol-disulfide system
is considered one of the central mechanisms of cellular
adaptation to changes in redox potential and stress factors
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Ta cTpecoBux akTopiB MikpooToueHHs [21]. OBopoTHI
NnepeTBOPEHHST MiXX TionbHUMK (—SH) Ta ancynbdigHumm
(-S—-S-) dopmamn GiNKOBMX | HU3BKOMOMEKYISAPHUX
CMOMYK BUKOHYIOTb POIib MOMNEKYNAPHNX NEPEeMUKaYiB, sKi
perynioTb aKTUBHICTb (DEPMEHTIB, peLenTopiB i TpaH-
CKpUNUinHMX (pakTopiB, 3abesnedvyloyun LWBUAKY apan-
Tauilo KNITUH iIMYHHOT CUCTEMM A0 30BHILLUHIX CUrHanIB.

B ymoBax NyxnMHHOrO MiKPOOTOUYEHHSI MOPYLUEHHSA
pPEeOOKC-TOMeocTasy € OOHWM i3 KIHYOBMX (haKTopiB,
IO BU3Ha4alTb (PYHKLIOHANBHUA CTaH iIMYHHUX KITiTUH.
XPOHIYHMI  OKCUOATUBHWUIA CTPEC, XapakTepHWh Ans
faraTbOX 3MOSAKICHUX HOBOYTBOPEHb, MOXE MpU3BO-
OUTN 0O OKUCHEHHSI PerynaTopHux OinkiB, nMpurHiyeHHs
aHTUreHnpeseHTauii Ta (YHKLIOHaNbHOTO BUCHAXEHHS
edektopHux T-nimdoumTie [30]. BogHouyac kOHTponbO-
BaHi pegoKc-curHanu HeoOxigHi Ans HopmarbHOI akTu-
BaLjii iIMYHHUX KNiTUH i (DOPMYyBaHHSA NPOTUMYXITUHHOI
BiQMNOBIAI, WO MiAKPECIHOE CKITAOHICTb dapMaKosoriYHoro
BTPYYaHHSA y Ui npouecu. Takum YMHOM, Cy4acHi Tepane-
BTWYHi CTpaTerii CNpAMOBaHi He Ha MOBHE MPUrHIYEeHHSA
YTBOPEHHSA peaKkTMBHMX (POPM KWCHIO, @ Ha BiAHOBMEHHS
dhigionoriyHoro 6anaHcy Mixk NPOOKCUAAHTHUMW Ta aHTW-
OKCUAAHTHUMU MeXaHisMamu.

dapmakomnoriyHa — mogynsauia  Tion-gucynbdigHoi
CUCTEMM PO3MAQAETLCA  AK  MEPCNEeKTUBHUMI  Nigxig
[0 perynsuii iMyHHOT BignoBigi, OCKiNbK1 BOHa O03BOMSIE
BNNMBaTM Ha dyHAAMEHTanbHi  MexXaHi3Mu  KNiTWH-
HOro curHaniHry 6e3 npaMoro BTpy4YaHHs y crneundidHi
peuenTopHi Wwnaxu. OfHieto 3 KIMHYOBMX MilLEHEN TaKuXx
BTPyYaHb € rrfyTaTioHoBa cucTtema, sika 3abesnedye
NiATPUMAHHA  BHYTPILUHBOKMNITUHHOTO  PEAOKC-NOTEH-
Uiany Ta peryntoe npouecu AeTokcukauii, nponidepadii
n anontosy. MNMokasaHo, Wo piBeHb BigHOBMEHOrO rnyTa-
TioHy (GSH) y knitTuHax iMyHHOI cucTemMyn BU3Ha4vae
X 3gaTHICTb A0 akTMBaUil, nponidepadii Ta CMHTE3y LUTO-
KiHiB, @ TakoX BMnvBae Ha gudepeHuiauito T-KNITUHHMX
cybnonynsauin.

OucbanaHc y cuctemi GSH/GSSG moxe 3miHoBaTU
yHKUiOHaNbHY aKTUBHICTb Pi3HMX NAHOK iMyHHOI Bigno-
BiOi. 3HWXKeHHSA piBHs GSH acouitoeTbCsl 3i 3BMEHLLEHHSIM
nponicpepaTnBHOi 3gaTHOCTI T-NiMOLUNTIB | NOPYLLUEHHAM
npoayKuii iHTeprenkiHy-2, Todi K BiAHOBNEHHS rmyTarTio-
HOBOrO Myrny Cnpusie Hopmanisauii KIiTUHHOrO iMyHITETY
Ta NigBULLYE PE3UCTEHTHICTb OO OKCMAATUBHOIO YLLKO-
DKeHHs. Taki edekTn NOACHITBCS TMM, WO 6GaraTto
CUrHarnbHUX GinkiB iIMYHHOI CUCTEMU MICTSTb PEAOKC-YyT-
NUBI UUCTETHOBI 3aNMLLKN, OKUCHEHHST SIKUX 3MIHIOE IXHIO
AKTUBHICTb i, BiAMNOBIAHO, YHKLUIOHANbHUIA CTaH KMITUHN.

BaxnmBuM acnektom pepokc-peryndauii  iMyHIiTETY
€ TaKOX KOHTPOSb TPAHCKPUNLINHMX hakTopiB, Wo 6epyTb
yyacTb y hopMyBaHHi 3ananbHOI BignoBidi. AKTUBHICTb
dakTtopie NF-kB, AP-1 i STAT 3anexuTb Big CTaHy
TIONBHUX TPYyN Yy X CTPYKTYpI, WO POOUTL iX YyTnMBMMU
[0 3MiH OKMCHO-BiQHOBHOrO GanaHcy knitnHu. ®apmako-
NOriYHi areHTn, 3gaTHi MogymnBaTU Tion-AucynbigHn
OOMiH, MOXYTb Takum YMHOM BMMMBATM Ha EKCMpPECito
LMTOKIHIB, XEMOKIHIB i MOMeKyrn aaresii, siki BU3HaYalTb
XapakTep iMyHHOI peakuiii.

Okpemoi yBarm 3acryroBye porfb pPedoKc-pery-
nAuii y yHKUIOHYBaHHI KIMiTUH BPOMKEHOTO iMYHITETY.
Makpodarn Ta HenmTpopinM akTMBHO NPOJYKYIOTb peak-
TMBHI DOPMM KUCHIO Mif Yac «pecrnipaTopHOro BUOyxy»,
O € BaXXMMBMM MEXaHi3MOM aHTUMIKPOBHOro Ta npoTu-
nyxnuHHoro 3axucty. NMpote HagmipHe yTBopeHHs ROS
MOXe NPU3BOAMTU OO MOLUKOMKEHHSI TKaHWH i MpPWrHi-
YeHHS1 afanTMBHOI iIMyHHOI BiAMNOBIAI. Y LIbOMY KOHTEKCTI

in the microenvironment [21]. Reversible transformations
between thiol (-SH) and disulfide (-S—S-) forms of protein
and low-molecular-weight compounds act as molecular
switches that regulate the activity of enzymes, receptors,
and ftranscription factors, ensuring rapid adaptation
of immune system cells to external signals.

In the TME, redox homeostasis imbalance is one of the
key factors determining the functional state of immune
cells. Chronic oxidative stress, typical of many malignant
neoplasms, can lead to oxidation of regulatory proteins,
suppression of antigen presentation, and functional
exhaustion of effector T lymphocytes [30]. At the same
time, controlled redox signals are necessary for normal
activation of immune cells and the formation of an
antitumor response, which emphasizes the complexity
of pharmacological intervention in these processes. Thus,
modern therapeutic strategies are aimed not at completely
suppressing the formation of reactive oxygen species, but
atrestoring the physiological balance between pro-oxidant
and antioxidant mechanisms.

Pharmacological modulation of the thiol-disulfide
system is considered a promising approach to regulating
the immune response, as it allows influencing the
fundamental mechanisms of cellular signaling without
directly interfering with specific receptor pathways. One
of the key targets of such interventions is the glutathione
system, which maintains intracellular redox potential
and regulates detoxification, proliferation, and apoptosis
processes. It has been shown that the level of reduced
glutathione (GSH) in immune system cells determines
their ability to activate, proliferate, and synthesize
cytokines, and also influences the differentiation of T-cell
subpopulations.

An imbalance in the GSH/GSSG system can alter the
functional activity of various components of the immune
response. A decrease in GSH levels is associated with
a reduction in the proliferative capacity of T lymphocytes
and impaired interleukin-2 production, whereas restoration
of the glutathione pool contributes to the normalization
of cellular immunity and increases resistance to oxidative
damage. These effects are explained by the fact that
many signaling proteins of the immune system contain
redox-sensitive cysteine residues, the oxidation of which
alters their activity and, accordingly, the functional state
of the cell.

An important aspect of redox regulation of immunity
is also the control of transcription factors involved in the
formation of the inflammatory response. The activity
of NF-kB, AP-1, and STAT factors depends on the state
of thiol groups in their structure, which makes them
sensitive to changes in the redox balance of the cell.
Pharmacological agents capable of modulating thiol-
disulfide metabolism can thus influence the expression
of cytokines, chemokines, and adhesion molecules that
determine the nature of the immune response.

The role of redox regulation in the functioning
of innate immune cells deserves special attention.
Macrophages and neutrophils actively produce reactive
oxygen species during the «respiratory burst,» which
is an important mechanism of antimicrobial and antitumor
defense. However, excessive ROS formation can lead
to tissue damage and suppression of the adaptive
immune response. In this context, modulation of the thiol-
disulfide balance may contribute to the normalization
of the functional state of phagocytes and the maintenance

Ornag nitepatypu

410

Literature review



KapasiHcbkui imyHonoriyHuii xxypHan. 2025. T. 8. Ne 3(17). C. 401-428

Karazin Journal of Immunology. 2025;8(3(17)):401-428

ISSN 3083-5615 (Online)

mMoaynsuia Tion-gucynbdigHoro 6anaHcy mMoxe cnpusTu
Hopmani3auii  OyHKUiOHanbHOroO  CTaHy  haroumTiB
i NiATPYMaHHIO iX edEeKTOPHOI aKTMBHOCTI 6e3 po3BUTKY
OKCUAATVMBHOTO YLLUKOOXXEHHS!.

3 no3umuii CyyacHOI iMyHOOHKONOTrii BaXnvMBUM € Te,
LLIO PEA,OKC-CTaH KIiTUHW BNIMBAE HE NALLE HA iIMYHHI KITITUHN,
ane 1 Ha cami MyXJMHHI KMiTUHW. Barato 3nosKiCHNX MyXnyH
XapaKTepu3ylTbCA NiABULLEHUM pPIBHEM OKCUMOATMBHOIO
CTpecy Ta afanTauifiHOK aKTUBALE aHTMOKCUMOAHTHUX
CUCTEM, LLO [03BOMSiE iM BWKMBATU B YMOBax MeTaboriy-
HOro CTpecy. Y TakMx ymMoBax ¢hapMakororiyHe BTpyYaHHSA
y Tion-ancynbdigHun 6anaHc Moxe MaTv NOABINHUIA edDeEKT:
3 ogHoro GOKy — MOCWIMIOBATU CTIMKICTb IMYHHUX KITITUH
[0 OKCUAATUBHOIO YLLUKOKEHHS, @ 3 iHLLOro — NopyLUyBaTu
aganTauifHi MeXaHI3MU MyXJTMHHUX KIITUH.

Cunctemn penokc-perynauii  TiCHO NoB’A3aHi
3 KNITUHHMM MeTaboniamoM. 3okpema, neHTo30hocC-
daTtHun wnsax 3abesnedye ytBopeHHs NADPH, Heobxia-
HOro AN MiATPUMAHHS BiOHOBMEHOrO CTaHy FMyTaTioOHy
i PYHKLIOHYBaHHS aHTMOKCUAAHTHUX (DEPMEHTIB. 3MiHN
MeTaboniyHMX NOTOKIB Y MYXIMHHUX KNITUHAX Ta iMyHHMX
KNiTMHaxX MOXyTb 3MmiHioBaTu gocTynHicTb NADPH i Takum
YMHOM BMNIMBATK Ha PeOoKC-CTaH KniTuHu. Lle nigkpecntoe
TiICHUI 3B’A30K Mk MeTaboniyHMM nepenporpamyBaHHSM
i peqoKc-perynsuieto iMyHHOI BiANoBig;.

3 hapmMakonoriyHoi TOUKM 30py MOZYNATOPU Tion-au-
cynbdigHOT CMCTEMM MOXHA YMOBHO MOAINUTU Ha Kinbka
dyHKuioHanbHUX rpyn. [1o HUX HanexaTb AOHOPU TIONbHUX
rpyn, nonepeaHvky rmyTaTioHy, iHribiTopyn cnHTe3y rmyTta-
TiIOHY, @ TakoX CMOMyKu, WO BMNMMBAlOTb Ha aKTUBHICTb
penokc-pepmeHTiB. KoxxHa 3 umx rpyn Mae BnacHi mexa-
Hi3mMu Aji Ta cneumndiyHi GionorivHi ecdbektn. Hanpwknag,
OOHOPM TIONBHUX TPpyN MOXYTb 6e3nocepeaHbO BigHOB-
NOBaTW OKUCHEHI BinKu, ToAi SIK MONEepPeaHNKU rmyTaTioHy
3abesneuvytoTb cybeTpat ansa cuHtedy GSH i Takum ymHom
BiJHOBIIOIOTb @HTUOKCUAAHTHUI NOTeHUjian KnituHu [38].

OcobnuBe micue cepen Takmnx CMonyK 3aiMatroTb npena-
paTy, WO MOAYMIOKTb MMyTaTiOHOBY cucTemy. Ix aactocy-
BaHHHA [O3BONSE BMUBATY Ha LUMPOKUMA CNEKTP KMITUHHNX
NpoLECiB, BKIOYAOYM anonTos, KMITUHHWIA LMK Ta iIMyHHY
aKkTMBaLil0. Y KNiHIYHIN NpakTuui OesiKi 3 LMX areHTiB Bxe
BMKOPVCTOBYIOTLCS K LIMTOMPOTEKTOPU abo AeTOKCMKa-
LinMHi 3acobu, ofgHak iX noTeHuian y perynsuii iMyHHOI
BiANOBIAI MPOAOBXKYE aKTUBHO focnimkyBaTtucs [39].

BaxnvmBrMM HanpsAMOM Cy4acHWX JOCNIOKEeHb € peno-
31LOHYBaHHS BiJOMMX (hapMaKOMOriYHNX areHTiB i3 Tionb-
H/AMW BNacTUBOCTSAMU [ONA 3aCTOCYyBaHHA B OHKOIOCrii.
Hanpwknag, geski cnonyku, Wwo TpagnuiiHo BUKOPUCTOBY-
Banvcs y Tokcukonorii abo peBmartonorii, LeMOHCTPYOTb
30aTHICTb BNIMBATU Ha pefoKc-6anaHc MyXnMHHUX KMiITUH
Ta MigBvLyBaTU iX YyTNMBICTb A0 XimioTepanii. MoaiGHi
edekTn MOXyTb OyTV NOB’A3aHi 3 iHAYKLIE OKCUaaTUB-
HOro CTpecy B NMyXNMHHUX KNiTMHax abo 3 MopyLIeHHAM
hYHKLIOHYBaHHS X @aHTUOKCUAAHTHUX CUCTEM.

OpHak dhapmakonoriyHa Mogynsuis  peaoKC-CTaHy
Ma€e HW3KY MOTEHLinHUX obmexeHb. No-nepuwe, edektn
TaKUX BTPyYaHb € KOHTEKCT-3aneXHUMK i MOXYTb 3HaYHO
BapiloBaTW 3arnexHo Big TWMy MyxnuHW, metaboniyHoro
CTaHy KMiTMH Ta 0COBNMBOCTEN MIKPOOTOYEHHS. [No-apyre,
HagMipHe 3HWKeHHs piBHA ROS moxe npurHivysatu gisio-
NOriYHi CUrHanbHI LWNsXK, HeOOXiaHI Ana akTMBavii iMyHHOI
BianoBiai. MNo-TpeTe, Aesiki aHTUOKCUAAHTHI areHTU MOXYTb
MOTEHUINHO 3aXULLATX He NULLe HOpMasbHi KNiTUHKW, ane
M NYXIWHHI KNITUHW Bif, YLUKOOXKEHHS, LLO 3HUXYE edheKTnB-
HICTb NPOTUMYXIUHHOI Tepanii.

of their effector activity without the development
of oxidative damage.

From the perspective of modern immuno-oncology,
it is important that the redox state of a cell affects not
only immune cells, but also tumor cells themselves. Many
malignant neoplasms are characterized by elevated
levels of oxidative stress and adaptive activation
of antioxidant systems, which allows them to survive under
conditions of metabolic stress. Under such conditions,
pharmacological intervention in the thiol-disulfide balance
can have a dual effect: on the one hand, it can enhance
the resistance of immune cells to oxidative damage, and
on the other hand, it can disrupt the adaptive mechanisms
of tumor cells.

Redox regulation systems are closely linked to cellular
metabolism. In particular, the pentose phosphate pathway
provides NADPH, which is necessary for maintaining
the reduced state of glutathione and the functioning
of antioxidant enzymes. Changes in metabolic flows
in tumor cells and immune cells can alter the availability
of NADPH and thus affect the redox state of the cell. This
highlights the close link between metabolic reprogramming
and redox regulation of the immune response.

From a pharmacological point of view, modulators
of the thiol-disulfide system can be divided into several
functional groups. These include donors of thiol groups,
precursors of glutathione, inhibitors of glutathione
synthesis, and compounds that affect the activity of redox
enzymes. Each of these groups has its own mechanisms
of action and specific biological effects. For example,
thiol group donors can directly reduce oxidized proteins,
while glutathione precursors provide a substrate for
GSH synthesis and thus restore the antioxidant potential
of the cell [38].

Medications that modulate the glutathione system
occupy a special place among such compounds. Their
use allows influencing a wide range of cellular processes,
including apoptosis, cell cycle, and immune activation.
In clinical practice, some of these agents are already
used as cytoprotectors or detoxification agents, but their
potential in regulating the immune response continues
to be actively researched [39].

An important area of current research is the
repositioning of known pharmacological agents with
thiol properties for use in oncology. For example,
some compounds ftraditionally used in toxicology
or rheumatology have been shown to affect the redox
balance of tumor cells and increase their sensitivity
to chemotherapy. Such effects may be associated with
the induction of oxidative stress in tumor cells or with the
disruption of their antioxidant systems.

However, pharmacological modulation of the redox
state has a number of potential limitations. First, the
effects of such interventions are context-dependent and
can vary significantly depending on the type of tumor, the
metabolic state of the cells, and the characteristics of the
microenvironment. Second, excessive reduction in ROS
levels may inhibit physiological signaling pathways
necessary for immune response activation. Thirdly, some
antioxidant agents can potentially protect not only normal
cells but also tumor cells from damage, which reduces the
effectiveness of antitumor therapy.

Taking these factors into account, the use of selective
redox modulators capable of affecting specific components
of the thiol-disulfide system is considered a promising
direction. This approach allows for more precise
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3 ypaxyBaHHAM UuUMX (AKTOPIB MEepPCNeKTUBHUM
HanpsiMOM BBaXXa€TbCA 3aCTOCYBaHHA  CENEKTUBHUX
PEAOKC-MOAYNATOPIB, 34ATHUX BMMBATM HA KOHKPETHI
KOMMOHEHTU Tion-gucynbdigHoi cuctemu. Takui nigxia
[03BoMsie Oinbll TOYHO perynoBaTu KMNiTUHHI CUrHanbHi
WAXy i MiHiMidyBaTM pu3uk HebaxaHux edekTiB. Kpim
TOro, MNOEAHaHHS PEedoKC-MOAYNSATOPIB i3 Cy4acHUMU
iIMyHOTEPaneBTUYHUMW MpenapaTaMmm MOXe MOTEHLiHO
nigBuLLyBaTM eMEeKTMBHICTb NiKyBaHHA 3a paxyHOK
BiAHOBMEHHS (PYHKLOHANBHOI aKTUBHOCTI iIMYHHUX KITiTUH
Y MYXITMHHOMY MiKPOOTOYEHHI.

Takum  YMHOM, MOAYNATOpWU  TioN-AMCYnbdigHOT
cuctemMy (QOPMyKOTb HOBMI MEPCMEKTUBHUIA HaNpsMOK
chapmakonoriyHoi perynauii imyHitety. Ix gis 6asyetbcs
Ha BMMuBI Ha (byHOAAMeHTanbHi MexaHi3mu pefoKc-cur-
HaniHry, SKi BU3Ha4aroTb (PYHKLiOHANbHUI CTaH iMYHHMX
KMNiTUH Ta iX B3aEMOAI 3 MyXIMHHUM MIiKPOOTOYEHHSAM.
Mopanblue BUBYEHHHA LMX CMOMYyK MOXe CMpUSTU CTBO-
PEHHIO HOBMX TepaneBTUYHUX CTpaTerin y ranysi iMmyHo-
OHKOOrii, 30Kpema y KOHTEKCTi KOMOIHOBAHOTO MiKyBaHHsI
3MOAKICHUX HOBOYTBOPEHb, BKMKOYaluM pak rpygHol
3anosm.

4. OCHOBHi KAQCU MOAYASITOPIB TiOA-

ANCYAbcPiAHOI cUCTEMM, IX PAPMAKOAOTIHHI

BAQCTUBOCTI T CUCTEMATU3ALLIA

Mogynsatopu Tion-gucynb@igHoi cucTeMU OOUINBHO
knacudpikyatv 3a MpoBiAHMM MeXaHi3MOM B3aeMOfIl
3 pefoKC-YyTNMBUMKU Tionamy Ta 3a pPiBHEM «TOYKM
NnpuKnagaHHs» — Big HW3bKOMOMEKYNSPHOro Tion-au-
cynbgigHoro ooMiHy 4o BNAMBY Ha (DEPMEHTHI cucTemu,
WO KepylTb MyrOM BiOHOBMNEHMX i OKMUCHEHWX TioniB
Ta PEOOKC-3aNneXHUMU  TPaHCKPUMUIHUMK  nporpa-
mamu [40]. Takui nigxig € MeTOAONOriYHO BUNpaBaaHuM,
OCKiNlbKM OfHa /1 Ta cama KhiHiYHa KiHueBa To4ka (3MiHa
YyTNMBOCTI A0 Tepanii abo moaudikauis iMmyHHOI Bigno-
Bifi) MOXe JocsaraTvcs NPOTUMAEXHMMMU 3a «HanpsiMoOM»
pPEeAOKC-BNIMBaMM — Bif MOMOBHEHHSI BigHOBMOBarbHOI
€MHOCTI 1O CEMNEKTUBHOIO BUCHAXXEHHSI aHTUOKCUAAHTHUX
OydepiB y nyxnuHHin TkaHuHi [41]. Hwkye HaBegeHo
OCHOBHi Knacu MOQynsaATopiB, peneBaHTHI (hapMakorno-

B iIMyHOOHKOMOTiYHMX CLiEeHapisiX.

4.1. AoHOpMU TiOAIB i CNOAYKM AASA
TioA-AUCYAbdDIAHOrO OGMiHY
(HM3bKOMOAEKYASIPHI TIOAOBI AreHTH)

[o uboro knacy HamnexaTtb MOMeKynu 3 peakuin-
Ho3gaTHUMKU —SH-rpynamu, 3gaTHi NpsiMO B3aemogisTu
3 enekTpodinamu Ta BCTynatvM y Tion-avcynbdigHni
0OMiH, 3MiHIOO4M CTaH GinNKkoBMX TiOMIB i HW3bKOMOIE-
KynapHux aucynbdigis. ®apmakonoriyHa 0cobnumBicTb
nondrae y BIiAHOCHO LIBMOKOMY «XiMiYHOMY» edpekTi
(MOpIBHSHO 3 FeHOMHUM), ane BOAHOYacC — Y PU3UKY
LUMPOKOI, HE 3aBXaW CENeKTUBHOI B3aEMOZIi 3 Tion-Bpas-
nMBUMM Binkamm B pisHMX TKAHMHAX, O MOXE BM3HA4aTn
BapiabenbHiCTb KMiHIYHMX BigNoOBiAeN.

[MokasoBuUM nNpuKNagoM  KNiHIYHO  OPIEHTOBaAHOIO
TIONOBOrO LUMUTOMPOTEKTOpa € MecHa, HKka peanisye
3aXUCHUIN edeKkT Yepe3 npsme 3B’s3yBaHHSA/HeWTpani-
3auil0  peakuiHo3gaTtHUX MeTaboniTiB  okcasadocdo-
PVIHIB Ta 3MEHLLEHHS JTOKanbHOTO YLIKOLXKEHHS ypoTenito,
wo BigoOpaxae Mmogenb «nepudepinHoro» TiONOBOroO
NepexonsieHHsi TOKCUYHMX enekTpodinis. Y AOKMIHIYHMX
MOZENSX YLKOOXKEHHS ANXarnbHUX LWNAXiB MECHa AEMOH-
CTpyBana 3HWKEeHHsI TOKCUYHOCTI arkinoBanbHUX areHTiB,

regulation of cellular signaling pathways and minimizes
the risk of unwanted effects. n addition, combining redox
modulators with modern immunotherapeutic drugs can
potentially increase treatment efficacy by restoring the
functional activity of immune cells in the TME.

Thus, modulators of the thiol-disulfide system
form a new promising direction in the pharmacological
regulation of immunity. Their action is based on influencing
the fundamental mechanisms of redox signaling, which
determine the functional state of immune cells and
their interaction with the TME. Further study of these
compounds may contribute to the development of new
therapeutic strategies in immuno-oncology, particularly
in the context of combination therapy for malignant
neoplasms, including BC.

4. The main classes of modulators of the

thiol-disulfide system, their pharmacological

properties, and systematization
Modulators of the thiol-disulfide system should
be classified according to the leading mechanism
of interaction with redox-sensitive thiols and the level
of the «point of application» — from low-molecular-weight
thiol-disulfide exchange to the influence on enzyme
systems that control the pool of reduced and oxidized
thiols and redox-dependent transcriptional programs [40].
This approach is methodologically justified, since the
same clinical endpoint (change in sensitivity to therapy
or modification of the immune response) can be achieved
by redox effects that are opposite in «direction» — from
replenishment of the reducing capacity to selective
depletion of antioxidant buffers in tumor tissue [41].
Below is a list of the main classes of modulators relevant
to pharmacological systematization and interpretation

of their potential in immuno-oncology scenarios.

4.1. Donors of thiols and compounds

for thiol-disulfide exchange

(low molecular weight thiol agents)
This class includes molecules with reactive —SH
groups that can interact directly with electrophiles and
undergo thiol-disulfide exchange, changing the state
of protein thiols and low-molecular-weight disulfides.
The pharmacological feature lies in the relatively rapid
«chemical» effect (compared to the genomic effect), but
at the same time, in the risk of broad, not always selective
interaction with thiol-sensitive proteins in various tissues,
which may determine the variability of clinical responses.
A prime example of a clinically oriented thiol
cytoprotector is mesna, which exerts its protective
effect through direct binding/neutralization of reactive
oxazaphosphorine metabolites and reduction of local
urothelial damage, reflecting the model «peripheral» thiol
interception of toxic electrophiles. In preclinical models
of airway damage, mesna demonstrated a reduction in the
toxicity of alkylating agents, consistent with the universality
of thiol-dependent neutralization of electrophilic stress.
In the context of oncology, it is fundamentally important
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WO Y3rOMKYyETbCA 3 YHiBepCamnbHICTIO TiON-3anexHoro
HelTpanisyBaHHsA enekTpodinbHOro crpecy. [nsi oHKomno-
rYHOro KOHTEKCTY MPUHLIMNOBO BaXXNMBO, LU0 TaKi areHTu
MOXYTb 3MEHLUYBaTU TOKCUYHICTb CYMnpOBIAHOI Tepanii,
ane nOTEHUINHO 3A4aTHI MOAMMIKYBaTU pPenoKC-3anexHi
KOMMOHEHTU MPOTUMNYXITMHHOI LIMTOTOKCUYHOCTI; OTXe,
iX 3acTocyBaHHS MOTPeOye PO3MEXYBAHHS «J1IOKarbHOI
OeTOoKCUuKaLjii» Ta cucTteMHoi pegokc-mogynauii. Okpemy
niarpyny  CTaHOBMATb  LMUCTMH-3B’A3yBarnbHi  TiONOBI
npenapatu (TiONpoHiH, D-neHiumMnamin), ski B knacuy-
HOMY 3aCTOCyBaHHi MiABULLYIOTb PO3YMHHICTb LMCTUHY
yepes yTBOPEHHA 3MillaHux AucynbdigiB. ix mexaHiam
€ KOHUEeNTyanbHO BaXNMBMM ANs TiON-gaucynb@igHoi
CUCTEMM, OCKINbKM [OEMOHCTPYE KepoBaHe «rnepemu-
KaHHSI» MK TiombHUMKW W AucynbdigHumMu  dopmamm
3 nepenbayyBaHol BioxiMi4HO KiHETMKOo, xoda 6esmno-
cepedHsl OHKOIMYHOIOriYHa pereBaHTHICTb noTpebye
oKpeMoro obrpyHTyBaHHs [42, 43].

4.2. «Mpo-TioAMn Ta NoNepeAHUKU NyAy
BiAHOBAEHMX TiOAIB (NiATPMMKa cy6CTpATHOI
6a3un aAna GSH-3aAeXHMX peakLiin)

Llen knac oxonmoe cnomnyku, Wwo 36inbLyoTb AOCTYMN-
HiCTb TionmBMiCHMX cyGCTpaTiB ONA CUHTE3y Ta BigHOB-
NEHHSI HM3bKOMOIEKYNAPHUX TioMiB, | TUM caMuUM MiaBU-
WyTb OydepHy EMHICTb KNiTMHU LWOAO NepoKcugis
Ta enekTpoginbHoOro crpecy. KputuyHoto dapmakono-
rYHOK YMOBOI e(PeKTUBHOCTI € Te, WO «MiACUIEeHHA»
nyny BiAHOBINEHMX TiONiB MOXe MaTu NPOTUIEXHI Hacnigkn
B PI3HUX KNITUHHMX NOMynsAuiax: 36epexeHHs XuTTesaar-
HOCTi ePEKTOPHMX IMYHHMX KITITUH y CTPECOBMX yMOBaXx
i BoOHOYac — nigTpumkKa MeTaboniyHOi MMacTUYHOCTI
NYXINMHHOI TKaHWUHMU.

MaTtoGionoriyHe nigrpyHTS Takoro 3acTepeXXeHHsi
NiACUMNIOETLCS CyYacHMMM AaHWMK MPO Te, Lo Mo3akni-
TMHHUA GSH MoOxe cnyryBatn «pesepByapoM» amiHO-
KACNOT Ansl NyXnuvH 4epe3 Katabomiam LUPKYHY0ro
Tpunentugy, a iHribyBaHHs UBOro npouecy 3paTHe
CMOBIMbHIOBATW MYXIMHHUIA PICT Y eKCnepuMeHTanbHUX
cuctemax. OTxe, HaBiTb ANs areHTiB i3 penyTauieto
@HTUOKCUAAHTHUXY» BaXNMBO OLUIHIOBATM He TiNbKu
30aTHICTb 3MEHLLYBaT! MapKepy OKCUAATUBHOTO CTPECY,
a n Hacnigkn gnsa Tpodikv MyxnuMHUM Ta MeTabonivyHoi
KOHKypeHLUIii y MikpooTo4eHHi [41, 44].

4.3. AucyabdiaM T QHAAOMM OKUCHEHUX

TIOAIB IK KEPOBAHI «PEAOKC-NEPEHOCHUKUN

[o knacy BigHOCATb MOMEKynu, 3AaTHi BKYaTucs
B 0OOPOTHI AnCYynbdigHi NepeTBOPEHHS Ta Nepepo3nogi-
NATW BiQHOBHI eKBiBaNEeHTU M)XK KOMMOHEHTaMU Tion-au-
cynbgigHoi cuctemu. ®apmakonoriyHa cneumdika umx
CrMoMyK Monsira€ y TOMY, LIO BOHW MOXYTb BUCTYynaTtu
He CTiNbKM «OOHOPOM» BIOHOBMEHHS, CKiNbKW peryns-
TOPOM HamnpsMKy Ta LWBWAKOCTI Tion-aAucynbdigHoro
06MiHy, onocepeaKoBaHO BMMBAKYN Ha PeOoOKC-HyTNMBI
CUrHarbHi By3nu.

EkcnepuvMeHTanbHO MokasaHo, WO AUCYnbigHi
noxigHi TiamiHy BigHOBMNIOKOTLCA Ak GSH-3anexHow, Tak
i Trx-3anexHolo naHkoto, npuyomy TrxR Moxe BigHOB-
noBatu Taki gucynbdign npamo abo 3a ydactio Trx,
WO MNiOKPECIoe MPUHLMIMOBY MOXIMBICTb  «NepemMu-
KaHHSI» MiX rnyTaTioHOBUM i TIOPEAOKCMHOBUM KOHTYPOM.
Ona dapmakonoriyHoi cuctemartum3auii Le 0o3Havae,
Wo aucynbdigHi areHTM MOTEeHUiIMHO 3haTHi Moaudi-
KyBaTW He OAVH LUMSX, a PO3MOAiNl HaBaHTaXEHHS MiXk

that such agents can reduce the toxicity of concomitant
therapy, but are potentially capable of modifying redox-
dependent components of antitumor cytotoxicity;
therefore, their use requires a distinction between
«local detoxification» and systemic redox modulation.
A separate subgroup consists of cystine-binding thiol
drugs (thiopronin, D-penicillamine), which in classical
application increase the solubility of cystine through
the formation of mixed disulfides. Their mechanism
is conceptually important for the thiol-disulfide system,
as it demonstrates controlled «switching» between thiol
and disulfide forms with predictable biochemical kinetics,
although the immediate oncoimmunological relevance
requires separate justification [42, 43].

4.2. Prothiols and precursors of the reduced
thiol pool (supporting the substrate pool
for GSH-dependent reactions)

This class includes compounds that increase the
availability of thiol-containing substrates for the synthesis
and regeneration of low-molecular-weight thiols, thereby
increasing the cell’s buffer capacity against peroxides and
electrophilic stress. A critical pharmacological condition
for efficacy is that «enhancing» the pool of restored thiols
may have opposite effects in different cell populations:
preserving the viability of effector immune cells under
stressful conditions and, at the same time, maintaining
the metabolic flexibility of tumor tissue.

The pathobiological basis for this caution is reinforced
by recent data showing that extracellular GSH can serve
as a «reservoir» of amino acids for tumors through the
catabolism of circulating tripeptides, and that inhibition
of this process can slow tumor growth in experimental
systems. Therefore, even for agents with a reputation as
«antioxidants,» it is important to evaluate not only their
ability to reduce markers of oxidative stress, but also
their effects on tumor trophism and metabolic competition
in the microenvironment [41, 44].

4.3. Disulfides and analogues of oxidized
thiols as controlled «redox carriersn

This class includes molecules capable of participating
in reversible disulfide transformations and redistributing
reducing equivalents between components of the thiol-
disulfide system. The pharmacological specificity of these
compounds lies in the fact that they can act not so much
as a «donor» of restoration, but rather as a regulator of the
direction and speed of thiol-disulfide exchange, indirectly
affecting redox-sensitive signaling nodes.

It has been experimentally shown that disulfide
derivatives of thiamine are reduced by both GSH- and
Trx-dependent links, with TrxR being able to reduce
such disulfides directly or with the participation of Trx,
emphasizing the fundamental possibility of «switching»
between the glutathione and thioredoxin circuits. For
pharmacological systematization, this means that
disulfide agents are potentially capable of modifying not
just one pathway, but the distribution of load between
redox systems, and this is precisely what may determine
their effect in cells with different initial redox profiles.
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peaoKc-cucTemMamu, i came Le MoXe BU3HavaTu ix edpekT
Y KIITUHAX i3 Pi3HUM BUXIAHUM pefoKc-npodinem.

Y mMexax 4aHoro niaxogy rnyTakCUM fOriYHO po3rns-
[atn [K npegcTaBHMKa AUCYNbig-OpiEHTOBAHMX MOAy-
NATOpIB (aHanor OKWCHEHOro [ryTaTioHy), Ans  SKWX
KMIOYOBOK BNACTMBICTIO € BNMAMB Ha Tion-AnCynbMiaHuia
6anaHc i pegoKC-4yTNuBI cUrHanbHi nporpamm 6e3 npamoi
«rpy6oi» aHTMOKCUAAHTHOI HenTpanisauii. Onsa kniHivyHo
KOPEKTHOI iHTeprpeTauii TyT BaXXNMBO BiAOKPEMIIIOBATU
«HOpMarnisauito» pegoKc-CUrHaniHry Big HecneumndivHol
PeaykKLUii, OCKiNbKM came nepLue € CyMiCHUM i3 noTpebamm
iIMYHHOI aKTVBaLii B yMOBax TepaneBTUYHO iHAYKOBaHOIO
ctpecy [40].

4.4. EnekTpodiAbHi MoAndpikaTopu GinkoBuX

TioaiB (cysteine-targeting electrophiles)

Llen knac Bkntoyae Cnomyku, WO KOBaneHTHO MOAW-
iKyloTb peakuinHO34aTHI LMCTEiHN BinkiB-»CeHcopiBy»
Ta perynatopiB, 3MIHIOKYM TPAHCKPUNUiVHI 1 MeTabo-
niyHi  nporpamun  KNiTMHW. Hanbinblwl KOHUENTyanbHO
3HauyLo MiweHHo € KEAP1, y skoMy pisHi nocTTpaH-
cnsuiviHi Mmogudikauii LUMCTEIHIB 3MiHIOITbL B3aeMOogito
3 NRF2 i Tum camym — eKcrnpecito reHiB aHTMOKCUAAHTHOT
BignoBigi. OumeTnndymapatr € npuknagom enekTpo-
(inbHOroO areHTa, AKMN peanidye edekTn vyepes Moau-
ikauito peakuiiHO3gaTHMUX LMCTEIHIB | HE 0OMEeXyeTbCs
nvwe NRF2-3anexHol BiCClo, BNNMBAKYM Ha HU3KY
LUMISAXIB KNITMHHOIO CUrHaniHry Ta Mmetaboniamy B iMyHHMX
knitTnHax. Ons dapmakonorii Tion-aucynbdigHnx moay-
NATOPIB Le BaXNMBO, OCKINbKM enekTpodinM MarTb
noTeHUian «nepenpoLunBKUY IMyHHUX eHOoTUniB, ane
iX MNeroTPONHICTb NiABULLYE PU3NK HenepeadadyBaHWX
eekTiB y NyXnIMHHOMY Ta iMyHHOMY KOMMapTMEeHTaXx,
Wwo notpebye GiomapkepHOro CynpoBOAY W [A0303anex-
Horo aHanisy [45].

4.5, IHri6itTopu Ta moaudbikaTopu

cbepMEeHTHUX AQHOK TiIOA-AUCYAbCDIAHOI

cuctemu (TrxR- i GSH-3aAexHi By3Am)

dPepmMeHT-OpieHTOBaHi  MOAynATOpY €  HanbinbL
«TapreTHUMuM» 3 Morns4y NPOrHO30BaHOCTI  MOIeKy-
NAPHOI MiLLeHi, O4HaK y CMCTeMi pefoKC-perynsuii HaBiTb
TapreTyBaHHs OJHOrO (epMEHTY MOXe MPU3BOAUTU
0O KackagHux edekTiB 4Yepe3 nepepos3nofin BigHOBHMX
ekBiBaneHTiB. AypaHodiH fK iHribiTop TrxR gemoHcTpye
NPOTUNYXJIMHHWIA MOTEHUian i 34aTHICTb NiaBULLYBaTU
YyTNUBICTb NYXNMHHUX KNITUH OO Tepanii y AOKMNiHIYHUX
MOZEensX, L0 Y3rooXyeTbCA 3 KOHLEMUIE «penoKc-B-
pasnMBOCTI» MyXJIMH i3 BMCOKUM 0GasanbHUM CTPECOM.
BogHovac nokasaHo, WO iMYHOMOriYHI Hacnigku iHridy-
BaHHA TrxR MOXyTb OyTW HEOOHO3HAYHVMU: B OKPEMMX
MOZensx crnocrepiranucs 3MiHW B HanpsiMi, CyMiCHOMY
3 MOCUIIEHHSAM IMYHOCYMNPECUBHUX NporpamM (3okpema,
36inbweHHs Treg Ta IL-10), Wwo niakpecnoe KOHTEKCT-3a-
NEXHICTb edPeKTy Ta HEOOXIQHICTb IMYHOMOHITOPUHIY Npuy
penosuuioHyBaHHi TrxR-iHribiTopiB. Takum 4mHOM, Ond
LUbOro Kracy npenapartiB KI40BOK (hapMakororiyHow
03HAKOK € He nue «NPOTUNYXJIMHHA LIUTOTOKCUY-
HICTb», @ M 34aTHICTb 3MiHIOBaTKM GanaHc edeKTOpHMX
i CynpecopHMX NMaHOK iMyHITETY, LWIO Mae OUiHIOBaTUCA
B KOMGiHOBaHMX pexumax nikyBaHHsA. o depmeHT-opi-
€HTOBAHUX CTpATErin HaNeXnTb TakoX BUCHaXeHHs GSH
yepes iHridyBaHHsa GCLC, wo gocsaraetbca BSO 1a moxe
NigBULLYBATU YYTNAMBICTb MYXMMHHMX KNiTWMH OO LMUTO-
CTaTUKIB Y €KCMepuMeEHTanbHMX cuctemax. Y mogeni
arpecuBHoi nimcomu iHribyBaHHs GCLC 3a gonomorowo

Within this approach, glutaxime can logically
be considered as a representative of disulfide-oriented
modulators (an analogue of oxidized glutathione), for
which the key property is the effect on the thiol-disulfide
balance and redox-sensitive signaling programs without
direct «coarse» antioxidant neutralization. For clinically
correct interpretation, it is important to distinguish between
«normalization» of redox signaling and nonspecific
reduction, since the former is compatible with the needs
of immune activation under conditions of therapeutically
induced stress [40].

4.4. Electrophilic modifiers of protein

thiols (cysteine-targeting electrophiles)
This class includes compounds that covalently modify
reactive cysteines of sensor proteins and regulators,
altering the transcriptional and metabolic programs of the
cell. The most conceptually significant target is KEAP1,
in which various post-translational modifications
of cysteines alter the interaction with NRF2 and thus
the expression of antioxidant response genes. Dimethyl
fumarate is an example of an electrophilic agent that exerts
its effects through the modification of reactive cysteines
and is not limited to the NRF2-dependent axis, affecting
a number of cellular signaling and metabolic pathways
in immune cells. This is important for the pharmacology
of thiol-disulfide modulators because electrophiles have
the potential to «rewrite» immune phenotypes, but their
pleiotropy increases the risk of unpredictable effects
in tumor and immune compartments, requiring biomarker

monitoring and dose-dependent analysis [45].

4.5. Inhibitors and modifiers of enzyme

links in the thiol-disulfide system

(TrxR- and GSH-dependent nodes)
Enzyme-targeted modulators are the most «targeted»
in terms of molecular target predictability, but in the
redox regulation system, even targeting a single enzyme
can lead to cascading effects due to the redistribution
of reducing equivalents. As a TrxR inhibitor, auranofin
demonstrates antitumor potential and the ability
to increase the sensitivity of tumor cells to therapy
in preclinical models, which is consistent with the concept
of «redox vulnerability» of tumors with high basal stress.
Atthe same time, it has been shown that the immunological
consequences of TrxR inhibition can be ambiguous:
in some models, changes were observed in a direction
consistent with the enhancement of immunosuppressive
programs (in particular, an increase in Treg and IL-10),
which emphasizes the context-dependence of the effect
and the need for immunomonitoring when repositioning
TrxR inhibitors. Thus, for this class of medications, the
key pharmacological feature is not only «antitumor
cytotoxicity» but also the ability to alter the balance
of effector and suppressor immune cells, which should
be evaluated in combination treatment regimens.
Enzyme-targeted strategies also include GSH depletion
through GCLC inhibition, which is achieved by BSO and
may increase the sensitivity of tumor cells to cytostatics
in experimental systems. In an aggressive lymphoma
model, GCLC inhibition with BSO enhanced the cytotoxic
effect of combination regimens, consistent with the role
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BSO nocuntoBano LMTOTOKCUYHUIA edeKT KOMOIHaLINHMX
PEeXMMIB, LLO y3romxyetbesa 3 pornnto GSH y getokcumkauii
Ta pepokc-agantauii. Ans iMyHOOHKOMOIYHOIO KOHTEKCTY
BaXXINMBO, L0 «3HWXEHHSI aHTUOKCUAAHTHOTO LUUTa» MOXe
OyTV KOPWUCHUM Yy MyXMMHHWX KMNiTUHaX, ane MOTEHLiNHO
Hebe3neyHum Ons eEeKTOPHUX IMYHHUX KNiTWH, TOMY
npakTUYHa LiHHICTb Migxody BM3HAYaTMMETbCHA CENeKTUB-
HICTIO HaKOMUYEHHS], PEXMMOM BBEOEHHS Ta MOXIUBICTIO
cTpatudikauii 3a pegokc-3anexxHnmu mapkepamu [46, 47].

4.6. LUuTONPOTEKTOPMU 3 TIOA-3AAEXKHUM
MeXaHi3MOM y NPOMeHEBIH i ximioTepanii
(TKAHUHHO-CMPSAMOBAHUI 3AXUCT)

AMIOOCTMH  pO3MMSAaETbCA K TiON-OPIEHTOBAHUIA
pagio- Ta UUTOMNPOTEKTOP, SKWUM Yy AOKMIHIYHUX MOOEensix
3HWKYE YLUKOOXKEHHS HOPMarbHUX TKAHWH NpU ONpoMi-
HEHHi, WO iNCTpye MOAEenb «3axUCTy MilleHi Tepanii»
6e3 000B’A3KOBOr0 BTPYyYaHHA B MYyXIUHHUIA KOMMNapT-
MeHT. PapmakonoriyHO perneBaHTHOK € HeobXigHICTb
PO3MEXYBaHHS MPOTEKTUBHOI il W00 HOPMAaIrbHUX
TKaHWH | NOTEHLINHOMO PU3UKY 3MEHLLEHHSI TEPANEBTUYHO
iHOYKOBaHUX YLUKOAXXEHb Y MyXIMHI, WO Ma€e OLiHIoBaTUCA
3 ypaxyBaHHSM PeXuMy OMPOMIHEHHS, Yacy BBEAEHHSI
Ta XapakTepuCTWK MyXMNMHHOI BacKynspwuaadii [48].

4.7. PeAOKC-MOAYASITOPM 3 NOTEHLLIAAOM

iMyHOOKTHBALLi Yepe3 iHAYKLilo

iMyHOreHHoI 3aru6eAi KAITHH

Okpemy nosuuito cepef MOAYNSATOPIB TiON-OUCYIb-
digHoi cuctemn 3anmae gucynbdipam, KA y CydacHUX
nigxogax po3rnsafaeTbCsa K KaHAWAAT AN peno3nuioHy-
BaHHA B OHKOOrii, 30Kpema 3 ornsgy Ha MOXMBI iMyHO-
onocepeakoBaHi eeKkTM Ta TEexXHOMOorii LOCTaBIEHHS.
Y wmopgeni KombGiHyBaHHS Aucynbdpipam/migi 3 onpo-
MIHEHHSM MPOAEMOHCTPOBAHO MOCWUMEHHS MapKepiB
iIMyHOreHHOT 3armbeni KniTuH i 3MiHW B NyXNUHHIN iHDINb-
Tpauii iIMyHHUMW KniTMHaMK, WO NiIGTPUMYE rinoTesy
Npo 3AaTHICTb OKPeMUX TiOM-OpiEHTOBaHUX BTPyYaHb
NigBULLYBATU iIMYHOTEHHICTb MYXMWHHOIO YLUKO[KEHHS.
[na Ooka3oBOro TpakTyBaHHS Takux pesynbraTiB Heob-
XiOHO BpaxoByBaTW anbTePHATMBHI MOSICHEHHSHA, 30KpeMa
BHECOK MeTar-3anieXXHoi NPOTEOTOKCUYHOCTI, CTpecy
€eHJoNNasMaTM4yHoOro peTukynyma Ta BnnvBy Ha npoTtea-
COMHi CUCTEMMU, LLIO MOXYTb ByTN NEPBUHHUMMN TpUrepamu
iIMYHOr€HHUX CUrHaniB, TOA4I SIK PELOKC-3CYB € MOXiAHWUM
KOMMOHeHTOM [49].

4.8. OpraHOCEAEHOBI PeAOKC-MIMETUKH

Ta «NceBAOCPEPMEHTHIN MOAYAITOPH

OpraHocerneHoBi cnosnyku (BKIOYHO 3 ebceneHom)
pO3rnagalTbCs K Krac MOMEKyn i3 LWMPOKUM CMEKTPOM
OionoriyHMX aKTUBHOCTEW, cepen SKUX BaXnvBe Micle
nocigatoTb pefokc-peakuii Ta mogmndikauis dhepMeHTHNX
CcuUCTEM, LO MpauoTb i3 Mepokcugamm Ta Tionamu.
dapmakornoriyHa npuBabnUBICTb LbOrO Kracy nonsirae
Yy MOXIMBOCTI «MIMETyBaTU» aKTUBHICTb penokc-gep-
MeHTIB abo 3MiHIOBaTV NMEepOKCUOHE HaBaHTAXEHHsA 6e3
NPSAMOro BTPyYaHHS B OAWH-EAMHWI BinNoK-MilleHb, NpoTe
Le 04HOYaCHO NiABULLYE PU3MK NrienoTponii Ta noTpebdye
yiTkOi NpMB’A3kM Ao Giomapkepis edekTy [28].

Y3aranbHoowuu, dapmakornoriyHi BMNacCTMBOCTI
MOAYNATOPIB  Tion-ancynb®igHOI cuctemn  BU3Ha4Ya-
I0TbCSl HE NULLIE iX «aHTMOKCUAAHTHUM» abo «MpPOOKCK-
OaHTHUM» npodpinem, a Hacamnepen — TUM, Ha SKOMY
PiBHI BOHW 3MiHIOKOTb Tion-aucynb®igHnin obMiH (XiMivHe
nepexonrneHHs enekTpodinis; cybcTpatHa nigTpuMKa;

of GSH in detoxification and redox adaptation. In the
context of immuno-oncology, it is important to note that
«reducing the antioxidant shield» may be beneficial
in tumor cells but potentially dangerous for effector
immune cells, so the practical value of the approach will
be determined by the selectivity of accumulation, the
mode of administration, and the possibility of stratification
based on redox-dependent markers [46, 47].

4.6. Cytoprotectors with a thiol-dependent

mechanism in radiation and chemotherapy

(tissue-directed protection)
Amifostine is considered a thiol-oriented radio- and
cytoprotector, which in preclinical models reduces damage
to normal tissues during irradiation, illustrating the model
of «targeted therapy protection» without mandatory
intervention in the tumor compartment. Pharmacologically
relevant is the need to distinguish between the protective
effect on normal tissues and the potential risk of reducing
therapeutically induced damage to the tumor, which should
be assessed taking into account the irradiation regimen,
the time of administration, and the characteristics of tumor

vascularization [48].

4.7. Redox modulators with the potential for

immune activation through the induction

of immunogenic cell death
Disulfiram occupies a separate position among
modulators of the thiol-disulfide system. In modern
approaches, it is considered a candidate for repositioning
in oncology, including in view of possible immune-
mediated effects and delivery technologies. The model
combining disulfiram/copper with irradiation demonstrated
an increase in markers of immunogenic cell death and
changes in tumor infiltration by immune cells, supporting
the hypothesis that certain thiol-targeted interventions
can increase the immunogenicity of tumor damage.
For an evidence-based interpretation of these results,
alternative explanations should be considered, including
the contribution of metal-dependent proteotoxicity,
endoplasmic reticulum stress, and effects on proteasome
systems, which may be primary triggers of immunogenic

signals, while redox shift is a derivative component [49].

4.8. Organoselenium redox mimetics
and «pseudoenzymen modulators

Organoselenium compounds (including ebselenium)
are considered a class of molecules with a wide range
of biological activities, among which redox reactions and
modification of enzyme systems working with peroxides
and thiols play an important role. The pharmacological
appeal of this class lies in its ability to mimic the
activity of redox enzymes or alter peroxide load without
directly interfering with a single target protein, but this
simultaneously increases the risk of pleiotropy and
requires clear linkage to effect biomarkers [28].

In summary, the pharmacological properties
of modulators of the thiol-disulfide system are determined
not only by their «antioxidant» or «prooxidant» profile,
but primarily by the level at which they alter thiol-disulfide
metabolism (chemical interception of electrophiles;
substrate support; disulfide transfer; covalent modification
of protein cysteines; inhibition of TrxR or GSH synthesis)
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aucynbigHUIA  MEepeHoc; KoBaneHTHa  Mopgudikauia
6inkoBuUX UMUCTEIHIB; iHribyBaHHA TrxR abo GSH-cuHTesy)
Ta HacKiNbky LEW BNAVMB € KOMMapTMEHT- i KOHTEKCT-
3anexHum (puc. 1). Onsa  iMyHOOHKOMOrMYHOrO 3acTo-
CYBaHHS KIIOYOBMMW 3anuvwialoTbcd Tpu kputepii: (1)
CENeKTUBHICTb LLOAO MNyX/IMHHOTO KOoMnapTMeHTa abo
36epexeHHsT ePeKTOPHUX NaHOK IMYHITETY, (2) CyMiCHICTb
i3 MexaHi3aMamu TepaneBTUYHO iHAYKOBaHOTO YLLKOOXEHHS
(MpomeHeBoro/uMToCTaTMYHOrO), (3) HasABHICTb BiOTBOPIO-
BaHuX GiomapkepiB pedoKc-BiAnoBigi Ta iMyHHOro 3CyBy,
LLIO 4O3BOSISAAE MiHIMI3yBaTU PU3MK CUCTEMATUYHNX MOXMOOK
i XMBHOI ekcTpanonsaLjii AOKMIHIYHNX edeKTIB.

leonpo*reKTopw
Cytoprotectors
AwmidpocTun / Amifostine
Tionu / Thiols

DMPS (aumepkanpon)
DMPS (dimercaprol)

IHriGiTopn dpepmeHTiB
Tion-gucynbpigHol cucremn
Enzyme Inhibitors of the
Thiol-Disulfide System
Aypanodin / Auranofin
ByTioHiH cynbdokcumin /

Monynm'opu
Tion-gucynbdigHol
cucremm

and how much this effect is compartment- and context-
dependent. (Fig. 1.). Three criteria remain key for immuno-
oncological application: (1) selectivity for the tumor
compartment or preservation of effector immune cells,
(2) compatibility with mechanisms of therapeutically
induced damage (radiation/cytostatic), (3) the presence
of reproducible biomarkers of redox response and immune
shift, which minimizes the risk of systematic errors and
false extrapolation of preclinical effects.

Tionponik / Tiopronin
D-nexiyunamiu / D-penicillamine
Mecha / Mesna

© [oHopwu Tionis
hiol Donors
N-auerunumcrein (NAC) / N-acetylcysteine (NAC)

=

@) nonepe,qumxm ryTaTioHy
Glutathlone Precursors

Liucreamin / Cysteamine
Byuwnamin / Bucillamine
Anbga-ninoesa kucnora / Alpha-lipoic acid

n Glutathione
synthesis GH
Q@ — o A

e o

tesnl

BSO (buthionine sulfoximine) _ Thiol-Disulfide P
.. System Modulators GSH WN\»TN\)L" 5
\ 4 OH NH,
« f Glutathione synthesis
Hi O llucynbdigHi MogynsaTopy
Electrophilic Agents ... i Disulfide Modulators
-InyTarioHinioBaHHA 6inkKiB :
nucynb@pau/ Disulfiram Protein S-Glutathionylation l‘ny{axcuu / qutomm

Aumerundymapar / Dimethyl fumarate MonikcaH / Molixan

E6cenen / Ebselen

S\XAN\

Nrf2 Activation

Lucramin / Cystamine

Nrf2 AktuBauis

Puc. 1. dapmakonoriyHa knacudikauisi Ta Krnio4YoBi MexaHiaMm
penokc-perynsuii iMyHHOI Bifnosigi mogynsaTopamu Tion-AucynbMigHoi cucteMm
Fig. 1. Pharmacological classification and key mechanisms
of redox regulation of the immune response by thiol-disulfide system modulators

3 ornggy Ha ue, cucTemartu3auis MOQynsaTopiB
Tion-gucynbdigHoi cuctemu (Tabn. 1) gouinbHa 3a ABoMa
B3aEMOJOMNOBHIOBaNbHUMK  kputepigmu: (1)  piBeHb
«TOYKM MNpUKNagaHHA» (HU3bKOMOMEKYNSPHUI Tion-auv-
cynbdigHni  06miH, moaudpikauia nyny GSH/GSSG,
hepMEeHTHNI KOHTPOIb, BTOPWHHI CUrHanbHi Kackagw);
(2) «HanpsiMOK» pefoKC-BNNMBY (MOMOBHEHHS BiAHOB-
ntoBasnbHOI EMHOCTI abo uinecnpsaMoBaHe il BUCHaXEHHS!
B MNaTonoriyHoMy ocepefky). Takvi nigxig MiHiMisye
NOriYHI MOMUIKM MPUYMHHOCTI: OHa 1 Ta cama KhliHiYHa
KiHUeBa Touka (Hanpuknag, MiABULLEHHA YYTIMBOCTI
NyxnvHW A0 Tepanii Y 3HWKEHHS 3anarnbHOro MOLUKO-
DPKEHHST) MOXe J0CAraTucst NPOTUIEXHUMU pefoKe-CTpa-
TerigaMu, ane 3a pisHMX yMOB i 3 Pi3H1M Npodinem pusuKis.

5. TAYyTAKCHUM fiK KAIOHOBUI NPEACTABHUK

MOAYAATOPIB TIOA-AMCYAbCDIAHOI CUCTEMMU

Y igionoriyHnx ymMoBax 3HayHa YacTUHa KIITUHHMX
TioniB npegcTaBneHa [rnyTaTioHOM — TPUNENTUMOOM,
LLIO MiCTUTb LIUCTEIH | BUKOHYE POrib LIEHTParbHOro peryns-
TOpa aHTMOKCUOAHTHOrO 3axucTy. [nmyTaTioH 6epe yyacTb
y HenTpanisauii peakTuBHMX ¢pOpM KUCHIO, perynsauii
yHKUiT iIMYHHUX KNiTUH Ta OETOKCUKaLjii KCeHOBIoTUKIB.
OKMCHEHHS BIOHOBNEHOTO rMyTaTiOHy CYNpOBOOXKYETHCS
YTBOPEHHAM  MNyTaTiOH-ANCYnbMiay, CniBBIHOLIEHHS
MK SIKUMW € OHUM i3 KIMHOYOBUX MOKA3HUKIB KIiITUHHOIO

Therefore, the systematization of modulators of the
thiol-disulfide system (Table 1) is appropriate according
to two complementary criteria: (1) the level of the «point
of application» (low-molecular thiol-disulfide exchange,
modification of the GSH/GSSG pool, enzyme control,
secondary signaling cascades); (2) the «direction»
of redox influence (replenishment of reducing capacity
or its targeted depletion in the pathological focus). This
approach minimizes logical errors of causality: the
same clinical endpoint (e.g., increased tumor sensitivity
to therapy or reduced inflammatory damage) can
be achieved by opposite redox strategies, but under
different conditions and with different risk profiles.

5. Glutaxime as a key representative

of modulators of the thiol-disulfide system
Physiologically, a significant proportion of cellular thiols
are represented by glutathione, a tripeptide containing
cysteine that acts as a central regulator of antioxidant
defense. Glutathione participates in the neutralization
of reactive oxygen species, regulation of immune cell
function, and detoxification of xenobiotics. The oxidation
of reduced glutathione is accompanied by the formation
of glutathione disulfide, with the ratio between them being
one of the key indicators of cellular redox status [50].
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Tabnuus 1. CuctemaTtmsadis MogynaTopis Tion-gucynbdigHoi cuctemu:
bapmakonorivHi nigrpynu, MonekynsapHi MieHi Ta 6ionorivHi ecpektn
Table 1. Systematization of modulators of the thiol-disulfide system:
pharmacological subgroups, molecular targets, and biological effects

OcHoBHa More- -
. . o KniHiyHe abo
Mpenapart / $apmakonoriyHa | KynsipHa MilleHb / OCHOBHWUIA pegokc- o _— .
. o . OcCHOBHi BionoriyHi AocnigHuLbKe
crnonyka niarpyna CUTHANbHWIA LUNAX mMexaHiam Aii
L . : . edekTn 3acTOCyBaHHS
Medicine / Pharmacological | Primary molecular The main redox — . S
. . ) . Main biological effects | Clinical or research
compound subgroup target / signaling mechanism of action .
application
pathway
IMyHOMOAyntoBanbHWi HocnipxeHHs
AKTUBAUiA pefokc-dyT- | edekT, cTumynsuis B OHKOnorii, iHdek-
Perynsuis Tion-gn- NIMBUX CUTHANBbHUX remMornoesy, aHTUOKCU- LiIHNX 3aXBOPIO-
AHanor oKkucHe- cynbdigHoro LnAxis Ta metabo- [aHTHa Ta UMTOMNpo- | BaHHAX Ta iMyHode-
nyTokcnm HOrO rryTaTioHy GanaHcy KniTuHn ni3My rnyTaTioHy TEKTOpHa Aist diumTax
Glutoxim Analog of oxidized | Regulation of the Activation of redox- Immunomodulatory Research
glutathione thiol-disulfide sensitive signaling effect, stimulation in oncology,
balance of cells pathways and of hematopoiesis, infectious
glutathione metabolism antioxidant and diseases, and
cytoprotective action | immunodeficiencies
EkcnepvmMeHTansHa
Ca>"-3anexHi Perynsiuist BHyTpiLL- IMyrHomoRymio- _Tepanis icek-
. : BanbHWIN, NPOTM3a- | LiNHUX i 3ananbHuX
MopgynsaTtop rmyTa- | curHanbHi Wnsaxu HBbOKINITUHHOIO Nyny 9
. ) . . - nanbHWN Ta LMTONpPO- 3axBOpPIOBaHb
MonikcaH TIOHOBOT crcTemMu Makpodaris Tionis o .
. . 2 . TEKTOPHUIA eddekT Experimental
Molixan Glutathione Ca?*-dependent Regulation
. . . . Immunomodulatory, therapy for
system modulator | signaling pathways |  of intracellular thiol s . .
anti-inflammatory, and infectious and
of macrophages pool . .
cytoprotective effects inflammatory
diseases
AHTUOKCUMOAHTHWI
. 3axuCT, AeTOKCHKaLlis,
PepmeHTU rmyTa- [loHop TionbHMX .
. } . Lo L perynsuis anonTo3y .
. EHporeHHnn TIOHOBOi cMcTeMn | rpyn; HemTpanisauis . N . [enaTonorisa, Token-
[myTatioH Ta KNiTMHHOI Nponi- . .
) aHTMOKCUAAHT (GST, GPx, GR) | akTnBHMX DOPM KUCHIO KOMOrisl, OHKONorisA
Glutathione . . depauii
Endogenous Enzymes of the Donor of thiol groups; . . Hepatology,
(GSH) o . - - Antioxidant protection, .
antioxidant glutathione system | neutralization of active o toxicology, oncology
detoxification,
(GST, GPx, GR) forms of oxygen ) .
regulation of apoptosis
and cell proliferation
OKMCHeHUi Tion-avcynbaiani Pery.nﬂum BHYTPILL- KOHTBOHb nporicpe- BioximiuHi gocni-
) OkucHeHa opma o ~ | HBOKIITUHHOrO peaoKe- pauii Ta anonTosy
rnyTaTioH . 0BMiHHI peakuii . . [KEeHHS pefoKc-
- rAyTaTioHy Co noTeHuiany KMiTUH )
Oxidized T Thiol-disulfide - CUrHaniHry
. Oxidized form Regulation Control of cell . . .
glutathione . exchange . . . Biochemical studies
of glutathione . of intracellular redox proliferation and ) .
(GSSG) reactions ) . of redox signaling
potential apoptosis
o Tokcukornorisi
AHTUOKCMAAHTHUNA,
o (nepeno3yBaHHs
. npotusananbHui
. MonepeaHuk . MoctayaHHsa uucteiny . o napauetamorny),
N-aueTunuucrein : CuHTes rnyTaTtioHy . Ta MyKOMITUYHWN ;
. rnyTaTioHy . Aans 6iocuHtesy GSH nyrbMOHOSOriA
N-acetylcysteine Glutathione ; edekTn .
Precursor ) Supply of cysteine for L . Toxicology
(NAC) . synthesis . ) Antioxidant, anti-
of glutathione GSH biosynthesis . (paracetamol
inflammatory, and
- overdose),
mucolytic effects
pulmonology
Huabkomoneky-
NAPHWIA TiONOBUIA Metaboniam Penykuis gucyne- 3MEeHLLEHHS okcuaa- JlikyBaHHS UMCTH-
Lincreamin aHTMOKCUAAHT LIMCTUHY diaHUX 3B’53KiB TUBHOIO CTpecy Ho3y
Cysteamine Low molecular Cystine Reduction of disulfide | Reduction of oxidative Treatment
weight thiol metabolism bonds stress of cystinosis
antioxidant
. ) . . EkcnepvmeHTanbHa
Avcynediaxa TIOJ'I-.ﬂVIC.yﬂb(*)IL.].I.-lI Perynsuis pegokc-ro- HeiiponporekTopra Tepanis Hepoaere-
. dopma uuctea- 0OMiHHI peakuii Ta aHTUOKCUAaHTHa
Lincramin . S ) mMeocTasy . HepaTMBHMX XBOPOO
; MiHy Thiol-disulphide . aist .
Cystamine . . Regulation of redox . Experimental therapy
Disulphide form exchange . Neuroprotective and :
. ) homeostasis L for neurodegenerative
of cysteamine reactions antioxidant effects .
diseases
TionoBuin aHTK- . L. . AHTUOKCUOAHTHUN PeBmatonoris
. KniTuHHi Tionosi OoHop SH-rpyn o L
. OKCUAAHT (ABi Lo . Ta npoTn3ananbHui (peB™maToOigHMM
Byunnamin cuctemm i HenTpanizatop ROS
. . SH-rpynu) ) edekTn apTpuT)
Bucillamine . o Cellular thiol SH-group donor and L .
Thiol antioxidant . Antioxidant and anti- Rheumatology
systems ROS neutralizer ) -
(rheumatoid arthritis)

(two SH groups)

inflammatory effects
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lpodoexeHHsi mabnuui 1/ Continuation of Table 1

via thiol groups

inflammatory effect

. AHTUOKCUOAHTHUI .
. . Metaboniam AV JlikyBaHHS UMCTW-
) R Tionosui L Ta AeToKCUKaLinHWIA
TionpoHiH (Tiona) avcynedigis [HoHop SH-rpyn Hypil
) . : npenapart b edekT
Tiopronin (Thiola) . e Disulfide SH group donor L Treatment
Thiol medication . Antioxidant and -
metabolism i of cystinuria
detoxifying effect
3B’A3yBaHHS iOHIB [eTokcukauiiHuia XBopoba BinbcoHa,
XenaTyBaHHs ; . . o LT
. . ) . : MeTaniB Yepes TioNbHI | Ta NpoTu3ananbHWUi peBMaToiaHuI
[O-nexiumnamin | Tionosuii xenartop meTanis
o ) . . rpynu edekT apTput
D-penicillamine Thiol chelator Metal chelation - . s . . o
(Cu®) Binding of metal ions | Detoxifying and anti- Wilson’s disease,

rheumatoid arthritis

Peakuisi 3 enektpo-

sulfoximine (BSO)

synthesis inhibitor

synthetase

stress in cells

Lintonpo- TokcuyHi meTabo- | inbHUMU meTaboni- 3axucT enitenito Cynposig ximioTte-
MecHa TEKTOPHUI Tion niTn idoccamigy Tamu Ce4vyoBOro Mixypa panii
Mesna Cytoprotective Toxic metabolites Reaction with Protection of the Support for
thiol of ifosfamide electrophilic bladder epithelium chemotherapy
metabolites
[NepeTBOpEHHSA . .
c . Papio- Ta ximionpo-
LinTonpo- y aKTUBHUI MeTa- | [lormmMHaHHS BinbHUX o
. L . . TEKTOPHUIA edpekT .
AmidocTuH TEKTOPHUI Tion 6onit WR-1065 pagukanis . OHkororist
o . ) - Radio- and
Amifostine Cytoprotective Conversion to an Absorption of free . Oncology
. ) . ) chemoprotective
thiol active metabolite radicals effect
WR-1065
. . . HocnigpxeHHs
MimeTtuk rnyTari- . - . AHTVMOKCUOAHTHUI
MepokcnaasHi ImiTauis akTMBHOCTI _ B HEBPONOTii
OHMepokcuaasmv Ta Helponpo-
E6ceneH . penokc-peakuyji GPx o Ta OHKoMorii
Glutathione ; . : TEKTOPHUN edbekT
Ebselen . Peroxidase redox Simulation of GPx S Research
peroxidase . L Antioxidant and .
N reactions activity . in neurology and
mimetic neuroprotective effect
oncology
IHriGiTo Anbgerigaeriapo: IHAyKUia okenaa PenoanuioHyBaHHs
P ASTIAACTIAD AyKU A LinToToKCn4Hun npenapary B OHKO-
. penokc-ep- reHasa TUBHOTO CTpecy
Huncynedipam : : edeKT WoAo NyXNuH norii
e MEHTIB Aldehyde B NYXIUHHUX KNITUHAX . P
Disulfiram . o Cytotoxic effect Repositioning
Redox enzyme dehydrogenase Induction of oxidative L
L ; on tumors of the medication
inhibitor (ALDH) stress in tumor cells .
in oncology
L . . MigBULLIEHHS OKCK- EkcnepvmeHTansHa
ByTioHiH IHriGiTOp CMHTE3Y | Y-rMyTaminuucTe-
. . . Brnokapa cuHTesy GSH | paTtuBHOro ctpecy NPOTUNYXIUHHA
CynbdOKCUMIH rnyTaTioHy iH-CcMHTEeTa3a . .
- . } Blockade of GSH B KNiTUHax Tepanisa
Buthionine Glutathione y-glutamylcysteine . S )
synthesis Increased oxidative Experimental

antitumor therapy

Anbda-ninoesa
kucnota
Alpha-lipoic acid

YHiBepcanbHuin
penoKkc-Moay-
naTop
Universal redox
modulator

Penokc-UukniyHi
peakuii
Redox cyclic
reactions

BinHoBneHHs GSH

Ta aHTUOKCUAAHTIB

Restoration of GSH
and antioxidants

AHTUOKCMOAHTHA
Ta MmeTaboniyHa fis
Antioxidant and
metabolic effects

Hespororis, meta-
6orniyHi 3axBopto-
BaHHS
Neurology,
metabolic diseases

Hvmepkanpon
dimercaprol
(DMPS)

[OwuTionosi xena-
TOpYU
Dithiol chelators

Baxki metanu
Heavy metals

XenaTyBaHHs Yepe3
SH-rpynu
Chelation via
SH groups

[eTokcukauinHui
edekT
Detoxification effect

JlikyBaHHS1 OTpYEHHSA

BaXKUMMK MeTanamm

Treatment of heavy
metal poisoning

penokc-ctaHy

[50].

MopyLieHHs

LibOro

CniBBiAHO-

Disruption of this balance leads to the accumulation

LUEHHS MPU3BOANTL 4O HAKOMUYEHHS PeakTUBHUX hOpM
KMCHIO Ta aKkTuBalii HM3KM NaToNOriYHUX Kackagis,
BKITIOYHO 3 3anarneHHsaM, eHAoTenianbHow ANCHYHKLIEW
Ta KMNITUHHUM YLLKOKEHHSIM.

3 ormnsgy Ha KW4YoBY ponb  Tion-AucynbdigHol
cUCTEMM B MiATPMMAHHI KNiTMHHOTO roOMeocTasy, 3Ha4Hy
yBary npuainsoTb apMakornoriyHuM areHTam, 3aaTHUM
moaynoBath uen 6anaHc. [o Takmx 3acobiB Hanexarb
npenaparw, Lo BNnBaTb Ha MeTaboniam rmyTaTioHy abo
perynioTb OKUCHO-BIAHOBHI peakuii LMCTEIHOBUX rpyn
6inkiB. OOQHUM i3 MPEACTaBHWMKIB LiET rpynu € rMyTakCum —
CUMHTETMYHUIA Npenapar, WO HanexuTb 00 MOZyNsiTopiB
Tion-gucynbdigHOI cMCTEMU Ta BUKOPWUCTOBYETLCS AnNsi
KOpEeKLii nopyLUeHb peoKC-romeocTasy.

dapmakornoriyHa akTMBHICTb MyTakCMMy MOB’'si3aHa
3 Oro 3[aTHICTH BNAMBaTU Ha meTaboniam rryTaTioHy
Ta iHLWi KOMMOHEHTN KIITUHHOT aHTUOKCUAAHTHOT CUCTEMM.
BBaxaeTbcs, WO npenapar CrApusie  BiQHOBIEHHIO

of reactive oxygen species and the activation of a series
of pathological cascades, including inflammation,
endothelial dysfunction, and cellular damage.

Given the key role of the thiol-disulfide system
in maintaining cellular homeostasis, considerable
attention is being paid to pharmacological agents
capable of modulating this balance. This group includes
drugs that affect glutathione metabolism or regulate
the redox reactions of cysteine groups in proteins. One
representative of this group is glutaxime, a synthetic drug
that belongs to the modulators of the thiol-disulfide system
and is used to correct redox homeostasis disorders.

The pharmacological activity of glutaxime is associated
with its ability to influence the metabolism of glutathione
and other components of the cellular antioxidant system.
It is believed that the drug promotes the restoration
of the functional state of thiol groups of proteins,
normalizes the ratio between reduced and oxidized forms
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dyHKUiOHaNbHOro CTaHy TionbHUX rpyn GinkiB, Hopma-
nisye CniBBiOHOLIEHHS MK BiJHOBMEHMMW Ta OKUCHE-
HUMUK hopMamMu CipKOBMICHUX CMONYK i TMM camum cTabi-
nisye penokc-ctaH KnituHW. MNogibHi MexaHiammn nexatb
B OCHOBi (hapMakosoriYHoi KOPEKLii OKCUOATUBHOIO
CTpecy Npw pi3HMX NaTornoriyHux npouecax [51].

BaxnuicTb Tion-gucynbdigHoro ©GanaHcy nigTeep-
DKYETbCS  pesynbratamy  YMCMEHHUX  KIiHIYHUX  gocni-
[KEHb, Y SIKMX MOKA3aHO, L0 3MiHW KOHLeHTpauii Tionis
Ta AMCYNbMiAiB KOPENoTb 3 aKTMBHICTIO 3anarbHUX
npoueciB. Tak, y AOCMIMKEHHAX MNaLEHTIB i3 CEMTUYHUM
apTpMTOM NPOAEMOHCTPOBAHO, LU0 MOPYLUEHHS AMHaMIiy-
HOro Tion-gucynbigHOrO roMeocTasy CYNpPOBOMKYETLCS
aKTUBALLED CUCTEMHOrO 3anarieHHs i MOXe BMKOPUCTOBY-
BaTMCS SIK MapKep TSPKKOCTI maTororiyHoro npoecy [51].
Mopi6Hi pe3ynsTaT OTPUMaHI i B iHLLIMX KIIHIYHUX MOAENSIX,
LLIO NIOKPECIOE YHIBEPCANbHICTb LbOr0 MeXaHi3my.

OkcupaTvBHUI  CTpeC po3rmagaceTbCad  SK - OAMH
i3 MpoBigHNX (DaKTOPiB PO3BUTKY OaraTbOX XPOHIYHMX
3aXBOPIOBaHb, BKIOYaK4YM  CepUeBO-CYAMHHI, eHAo-
KPWHHI Ta 3ananbHi naTtonorii. Y Taknx ymoBax CrnocTepi-
ra€TbCsl 3HWKEHHS PiBHA BiQHOBMEHMX TiONIB Ta HAKOMW-
YeHHs1 amcynbdigHnx dopm, Wo Bigobpaxae 3MmilLeHHSs
penokc-6anaHcy B 6ik okMcHeHHs [50]. Lli 3miHn mMoxXyTb
npu3sBoaMTM OO0 Moamdikauii CTpykTypu 6inkiB, nopy-
LWEHHS PyHKUIT (hbepMeHTHMX CMCTeM i akTuBauii naTomno-
MYHMX CUrHANBHMX LUNAXIB.

[opatkoBi AaHi ceigyatb npo Te, wWo AucbanaHc
Tion-gucynbMigHOI CUCTEMUM Ma€e BaXNMBE 3HAYEHHS
Yy PO3BUTKY ayTOIMyHHMX Ta €HOOKPUHHUX 3aXBOPIOBaHb.
OkpiM eHOOKPWMHHOI NaTonorii, NOPyLUEHHS Tion-ancysb-
chigHOro romeocTasy onncaHo TakoxX y NalieHTiB i3 cepue-
BO-CYOUHHVMMM 3aXBOPKOBAHHAMU. Y KMiHIYHMX Adochi-
PKEHHAX NPOAEMOHCTPOBAHO, O 3MiHW CMiBBIAHOLLIEHHSA
MK TiONbHUMU Ta AMCYNb®igHUMKY dOpMamMn MOXYTb
BijobpaxaTn CTynmiHb OKCMAATMBHOIO  YLUKOMKEHHS
MioKkapaa i NOTEHLiNHO BUKOPUCTOBYBaTHCS K Biomapkep
nporpecyBaHHA cepLeBoi HeOOCTaTHOCTI [52].
Lle nigkpecnioe cucTteMHuiA xapakTep pegoKC-nopyLleHb
Ta iX KNiHIYHY 3HAYYLLiCTh.

HesBakatoum Ha 3HAYHWIA NpPOrpec y po3yMiHHI poni
Tion-gucynbdigHOI cucTeMm, HM3Kka acnekTiB ii hapmako-
noriyHoi perynauii notpebye noganbLoro AOCHIOKEHHS.
3okpema, HeJoCTaTHbO BUBYEHUMU 3anMLLIAIOTLCS MOne-
KynspHi MexaHisMn B3aemogii (hapMaKomnoriYHnx areHTiB
3 Ginkamu, WO MICTATb pPeakTUBHI LMCTETHOBI 3anyLLKK.
Takox notpebye yTOYHEHHSA BMMUB pi3HUX (haKTopiB —
reHEeTUYHMX, METabOoNMIYHMX Ta EKOMOTiYHNX — Ha iHaUBIAY-
anbHi 0cobnmMBOCTI pedokc-perynsuii.

6. IMyHOAOri4HI aCneKkTH 3aCTOCYBAHHSA

MOAYAATOPIB OKUCHO-BIAHOBHOIO CTAHY

Y AiKyBAHHi paKy rpyAHOI 30A03M

IMyHOnoriyHa eeKTUBHICTb Cy4acHUX PEXMMIB NiKy-
BaHHS paKy rpyaHOi 3a11031 3Ha4YHOK MipOH BU3HAYa€eTbCA
He nuLIe NPAMOK0 LUTOTOKCUYHOIO Ai€0 MPOTUNYXIIMHHNX
areHTiB, @ W TMM, HaCKiNbKv Tepanis 3MiHIE yHKLiO-
HanmbHU CTaH IMyHHMX KniTuH y TME, 30kpema ixHio
CTiIKICTb [0 MeTabomniyHOro Ta OKCUOATUBHOIO HaBaH-
TaXeHHs. Y NyXNMHHOMY MIKPOOTOYEHHI rpyaHOI 3amosu
nigsueHe ytBopeHHs ROS copmyeTbca sk Hacnigok
meTaboniyHoi nepebygoBu NyxXNuMHKW, TNOKCIi, 3ananbHol
iHbinbTpauii Ta Tepamielo iHAYKOBAHOTO YLUKOMKEHHS,
a moro GionoriyHi ePeKkT € KOHTEKCT-3aneXHUMn — Big
NiOTPUMKM iIMYHOTreHHOI 3armbeni KniTUH [0 CNpUSHHA
IMYHHI BTe4i Yepe3 (hopMyBaHHSA CynpeCcuBHOIO iMyHHOTO

of sulfur-containing compounds, and thereby stabilizes
the redox state of the cell. Similar mechanisms form the
basis of pharmacological correction of oxidative stress
in various pathological processes [51].

The importance of thiol-disulfide balance is confirmed
by the results of numerous clinical studies, which show
that changes in the concentration of thiols and disulfides
correlate with the activity of inflammatory processes. Thus,
studies of patients with septic arthritis have shown that
disturbances in dynamic thiol-disulfide homeostasis are
accompanied by activation of systemic inflammation and
can be used as a marker of the severity of the pathological
process [51]. Similar results have been obtained in other
clinical models, emphasizing the universality of this
mechanism.

Oxidative stress is considered one of the leading factors
in the development of many chronic diseases, including
cardiovascular, endocrine, and inflammatory pathologies.
Under such conditions, there is a decrease in the level
of reduced thiols and an accumulation of disulfide
forms, reflecting a shift in the redox balance toward
oxidation [50]. These changes can lead to modifications
in protein structure, disruption of enzyme systems, and
activation of pathological signaling pathways.

Additional data indicate that an imbalance in the
thiol-disulfide system plays an important role in the
development of autoimmune and endocrine diseases.
In addition to endocrine pathology, thiol-disulfide
homeostasis disorders have also been described
in patients with cardiovascular diseases. Clinical studies
have demonstrated that changes in the ratio between thiol
and disulfide forms may reflect the degree of oxidative
damage to the myocardium and potentially be used
as a biomarker of heart failure progression [50]. This
emphasizes the systemic nature of redox disorders and
their clinical significance.

Despite significant progress in understanding the
role of the thiol-disulfide system, several aspects of its
pharmacological regulation require further investigation.
In particular, the molecular mechanisms of interaction
between pharmacological agents and proteins containing
reactive cysteine residues remain insufficiently studied.
The influence of various factors — genetic, metabolic, and
environmental — on individual characteristics of redox
regulation also needs to be clarified.

6. Immunological aspects of the use

of redox state modulators in the

treatment of breast cancer
The immunological efficacy of modern BC treatment
regimens is largely determined not only by the direct
cytotoxic action of antitumor agents, but also by the extent
to which therapy alters the functional state of immune
cells in the TME, particularly their resistance to metabolic
and oxidative stress. In the TME of the mammary gland,
increased ROS formation is formed as a result of tumor
metabolic restructuring, hypoxia, inflammatory infiltration,
and therapy-induced damage, and its biological effects are
context-dependent — from supporting immunogenic cell
death to promoting immune escape through the formation
of a suppressive immune landscape. For BC, it has been
generalized that excess ROS in the TME is associated with
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naHgwadTy. Ona paky rpyaHoi 3anosv ysaranbHeHO,
wo Hagnuwok ROS y TIME acouitoeTbCst 3 MPUTHIYEHHSIM
LUMTOTOKCUYHOI NaHKu, MiATPUMKOI CynpecopHUX Mnomny-
NaUin Ta MNigBULLEHHAM TepaneBTUYHOI Pe3UCTEHTHOCTI,
WO pobuTb penoKC-BTPYYaHHsI MOTEHLUINHO pereBaHT-
H/MMW came B iMyHOIOMNYHOMY BMMIpPi KOMMMEKCHOTO iKy-
BaHHs [53].

KrtouoBrM 3aBOoaHHAM peaokc-Mogyrnsuii B OHKOIMY-
Homorii cnig BBaXxatu He «rnobarnbHe npurHiveHHa ROSy,
a BiHOBMEHHS AianasoHy peaoKC-CUrHamiHry, CyMiCHOro
3  edEeKTOPHOK (PYHKLIE aHTUreHNpe3eHTyBarnbHNX
kniTuH i CD8* T-nimcpoumTiB Ta 0OOHOYACHUM OOMEXEHHSIM
naTonoriYyHoro OKCUAATVMBHOIO OUCTPECY, WO NigTpUMye
iMyHOCynpecito. Y UbOMYy KOHTEKCTi ocobnmBoi Baru
HabyBaloTb MexaHi3Mu, SKi 3MiHIOIOTb AOCTYMHICTb HU3b-
KOMONeKynapHux Tionie, cniBeigHoweHHss GSH/GSSG
i 06opoTHI Tion-3anexHi moaudikauii 6inkiB Ak WBMAKI
«nepemMukadi» IMyHHOI akTuBauii/ranbMyBaHHs. S-rny-
TaTiOHIMIOBaAHHA  pO3MMAJAETbC  SK  YHiBepcanbHWUM
cnocib iHTerpauii OKMCHO-BIAHOBHOIO CTaHy 3 cocdopu-
MOBaHHAM, TPaHCKPUMNUINHAMK MporpamaMyi Ta MeTa-
OoniyHoK aganTauieto KMiTWH; Y NaTosoriYHMX yMoBax
3MILLEHHS LbOTr0 UMKy MOXe CrpusaTh AUCAyHKUiT
IMyHHUX KNiTUH abo, HaBnaku, OyTu aganTauiiHum Mexa-
HI3MOM X 3axuUCTy Bi HEOOOPOTHOrO OKUCHEHHsT [26].
[MpakTUYHMIA BMCHOBOK MoOnsrae B TOMY, LO iMyHOMO-
OynioBarnbHUIA NOTEHLian pefoKc-areHTiB Mae OLiHIoBa-
TUCA 3 ypaxyBaHHAM MilleHi (9K came penoKC-By30r
3MIHIETBCSA), KOMNAPTMEHTY (MYXIMHHI KMITUHW YW IMYHHI
ecthekTopn) Ta YacoBoi MpuUB’A3kM A0 XiMio- abo nmpome-
HEeBOI eKcrnoauuji.

OpHvM i3 Hambinbl ypas3nuBuX AnS iHTEPBEHLIN
BY3NniB € LMCTUH—LMUCTEIHOBa BiCb i TpaHCMOPT u4epes
cuctemy xco (xCT), wo BusHavae cybctpatHy 6asy
cuHTedy GSH Tta pepokc-emHicTb knitHu. Y TME uen
BY30J1 € PYHKLIIOHANbHO NOABINHUM: NMiABULLIEHHS iMMOPTY
LUMCTUHY i nOCUNeHHs cuHTe3dy GSH y NnyXnNnHHUX KNiITUHaX
30aTHi NigBULLYBATK IXHIO CTIKICTE AO CTpecy i Teparnii,
TOAi SIK y €(PeKTOPHMX iIMYHHMX KITiITUHaX NigTpumKa Tiono-
BOro nyrny Moxe byTn ymoBoto 36epexxeHHs nponidepadii
Ta (YHKLiOHaNbHOT KOMMNETEHTHOCTI Mi4 Yac TpvBaroro
aHTUIEHHOro CTMMyny Ta MeTtaboniyHoi AenpuBauii.
OrnapgoBi AaHi NigKpecniowTb, WO CUCTEMA XC iHTe-
rpye pemoKc-3axmcT, heponTo3Hy YyTIMBICTb i 3anarnbHy
curHanisauito; omke, byab-aki nigxoau fo i apmakono-
rivHoi Moaynsuii noTpebyloTb pPO3MeXyBaHHs edekTiB
y NyXJIMHHOMY 1 iIMyHHOMY KOMMapTMeHTax Ta 060B’A3ko-
BOFO iIMyHOMOHITOPUHTY [54].

Okpemuin  piBeHb pPenoKC-0NocepenKoBaHOro iMyH-
HOrO KOHTPOIKO CTaHOBNSATH curHanbHi nporpamn NRF2,
SKi KepyTb aHTMOKCUMOAHTHOK BI4NOBIOA0 Ta OETOKCU-
KauiiHUMK Wwnsxamy 1 BogHOYac BMMMBAKOTb Ha iMYHHY
B3AEMO/II0 MYXMMHN 3 OPraHiaMoMm. Y NyXNMHHMX KNiTUHAaX
rinepaktnBauis NRF2 moxe dopmysatu peHoTvn nigsu-
LEeHOi CTIMKOCTi [0 OKCUMAATUBHOIO HaBaHTaXEHHS
i Tepanii Ta acouitoBaTUCA 3 IMyHHOI «HEMPOHUKHICTIO»
ab0 3mMeHLWeHHsAM edeKTUBHOI iH(binbTpaLii, Wo CTBOPIOE
nigrpyHTa ansg koMGiHOBaHUX cTpaTerin, Ae pedoKc-Tap-
reTyBaHHs BWKOPUCTOBYETLCH $SK yMOBa MiABULLEHHSA
YyTNUBOCTI A0 iMyHoTepanii [55]. BogHovac ans iMmyHHUX
kniTuH NRF2-3anexHi nporpamm MoxyTb OyTu ik NpoTek-
TUBHUMU (30€epeXXeHHs XXUTTE3OATHOCTI 1 (OYHKLIT B CTpe-
COBUX YMOBax), TaK i MOTEHUINHO ranbMiBHUMK LLIOOO
ROS-3anexHux naHoK akTuBaLii, TOMy KniHiYHa iHTepnpe-
Tauig noTpebye KOHTEKCTHOT OLHKM — TUM Tepanii, iHTeH-
CVBHICTb OKCWMAATVMBHOIO HaBaHTaXEHHS, AOMiHYBaHHS

suppression of the cytotoxic link, support of suppressor
populations, and increased therapeutic resistance,
making redox interventions potentially relevant in the
immunological dimension of complex treatment [53].

The key task of redox modulation in oncoimmunology
should be considered not «global suppression of ROS»,
but rather the restoration of the redox signaling range
compatible with the effector function of antigen-presenting
cells and CD8" T lymphocytes, while simultaneously
limiting pathological oxidative stress, which maintains
immunosuppression. In this context, mechanisms that
alter the availability of low-molecular-weight thiols, the
GSH/GSSG ratio, and reversible thiol-dependent protein
modifications as rapid «switches» of immune activation/
inhibition are of particular importance. S-glutathionylation
is considered a universal way to integrate redox status with
phosphorylation, transcriptional programs, and metabolic
adaptation of cells; under pathological conditions, a shift
in this cycle may contribute to immune cell dysfunction or,
conversely, be an adaptive mechanism for their protection
againstirreversible oxidation [26]. The practical conclusion
is that the immunomodulatory potential of redox agents
should be evaluated taking into account the target (which
redox node is changing), the compartment (tumor cells
or immune effectors), and the time frame for chemo-
or radiation exposure.

One of the most vulnerable nodes for intervention
is the cystine—cysteine axis and transport via the
xc™ (xCT) system, which determines the substrate basis for
GSH synthesis and the redox capacity of the cell. In TME,
this node is double-edged: increased cystine import and
enhanced GSH synthesis in tumor cells can increase their
resistance to stress and therapy, while in effector immune
cells, maintaining the thiol pool may be a prerequisite
for maintaining proliferation and functional competence
during prolonged antigenic stimulation and metabolic
deprivation. Review data emphasize that the xc~ system
integrates redox protection, ferroptosis sensitivity, and
inflammatory signaling; therefore, any approaches
to its pharmacological modulation require differentiation
of effects in tumor and immune compartments and
mandatory immune monitoring [54].

A separate level of redox-mediated immune control
is represented by NRF2 signaling programs, which
regulate the antioxidant response and detoxification
pathways and simultaneously influence the immune
interaction of the tumor with the organism. In tumor cells,
NRF2 hyperactivation can form a phenotype of increased
resistance to oxidative stress and therapy. This may
be associated with immune «impermeability» or reduced
effective infiltration, creating a basis for combined
strategies where redox targeting is used as a condition
for increasing sensitivity to immunotherap [55]. At the
same time, for immune cells, NRF2-dependent programs
can be both protective (preserving viability and function
under stressful conditions) and potentially inhibitory
of ROS-dependent activation pathways. Therefore,
clinical interpretation requires contextual assessment —
type of therapy, intensity of oxidative stress, dominance
of myeloid or lymphocytic dysfunction. The synthesis
of mechanistic data on the role of NRF2 in shaping the
immune phenotype, particularly through its influence
on macrophage polarization and inflammatory
response, supports the plausibility of redox strategies
as a means of reprogramming suppressive populations
in the TME [56].
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mienoigHoi abo nimdouutapHoi AMcdhyHKUii. Y3aranb-
HEHHs1 MexaHiCTUYHMX gaHux npo ponb NRF2 y dopmy-
BaHHi iIMyHHOro (heHOTUMY, 30KpeMa Yepes BruB Ha Mons-
pusauito MakpodariB i 3ananbHy BiANOBigb, NiATPUMYE
npaBOonoaidHICTL peaoKc-cTpaTerin sik 3acoby nepenpo-
rpamyBaHHsi cynpecmBHux nonynsauin y TME [56].

He MeHW BaxnmBow € TiOpedoKCUHOBa cucTema
(Trx/TrxR), ska 3abe3neyye BiAHOBMNEHHS OKUCHEHWX
GinkoBux TioniB i NIGTPUMYE PEAOKC-KOHTPOMNb TpaH-
CKPUMUIAHMX Ta CTpecoBuX Bignosigen. B oHkonmoriyHmnx
MOZEensx Ud cucteMa MoXe OOHOYaCHO CMpUSATU BUXKM-
BaHOCTi MYyXIMHHUX KMiTUH y CTaHi XPOHIYHOrO CTpecy
Ta BMMMBATU Ha PyHKLiOHAnNbHI BNacTnBocTi kNitnH TME.
Tomy Trx-Opi€eHTOBaHi BTpyYaHHs TEOPETUYHO 34aTHi
3MiHIOBaTK 6anaHc «eeKTopHICTb—CYnpecia», ane oviky-
BaHW HanpsMOK edeKkTy He € yHiBepcanbHuM i 3ane-
XWUTb BiO BUXIOQHOrO peaoKC-npodinto NyxnunHu Ta cknagy
iMyHHOrO iHcbinbTpaty [27]. Ong paky rpygHoi 3anoau
ue osHayae, WO nepcnekTuBHICTb Trx/TrxR-moaynsauii
Mae ouiHioBaTucsa y 3B’a3ui 3 deHotvnom TIME (HasB-
HICTb «XONoAHNX» abo IMyHHO-EKCKMIO3NBHMX MaTepHIB)
i NapameTpamMmun TepaneBTUYHOTO HaBaHTaXKEHHS.

IMyHOMoriyHa  peneBaHTHICTb  PEeLOKC-MOAYNATOPIB
0CcOo0NMBO 3poCTae B CUTyauisiX Tepariet iHOyKOBaHOro
OKCUOATUBHOIO CTPECY, KONMM OJHOYacHO BiabyBaloThCS
YLKOMKEHHSA MyXMUHM Ta iMyHHOI cucTemu. [ns npome-
HeBOi Tepanii cuctematnsoBaHo, wWo ROS-onocepeako-
BaHi MeXaHi3amMy MOXyTb CMPUSATU BUBINbHEHHIO aHTUTEHIB,
3anycky iMyHOreHHoi 3armbeni KmiTMH Ta 3MiHi iH(INb-
Tpauii iIMyHHUMW KNiTUHaMK, ane TakoX 34aTHi NigTpumy-
BaTU CyMNpecvBHI Nporpamu, BKIOYHO 3 akTuBauielo Treg
i crabinizaujelo MIENOIAHUX CYNPECOPHNX KMITUH, @ TakoX
MOZYIOBAaTN E€KCMPECit0 KOHTPONbHUX To4oK [57]. OTxe,
PELOKC-MOOYNATOPU B CKNadi KOMOIHOBaHMX pPEXUMIB
MalTb PO3rMAAaTUCA SK IHCTPYMEHT «TOHKOrO HanawuTy-
BaHHA» — 30epexXeHHsA iIMyHOreHHOrO KOMMOHEHTa YLLKO-
[PKEHHSA MyXIMHU NpU OOMEXEeHHi HaaMipHOI iMyHOCy-
npecii, iHayKkoBaHOI ANdY3HMM OKCUAATUBHUM ONCTPECOM.

Ocob6nvBrM  BMNAAKOM  pPEedoKC-3aNexHoi  iMyHHOT
B3aeMO/il € heponTos, AK1i iHTerpye ninonepokcuaadito,
MeTaboniaM 3anisa Ta aHTUOKCUOAHTHUIA 3aXUCT i MoXe
MaTn K iIMyHOCTUMYIOBanbHi, Tak i iMyHOCYNpecuBHi
HaCnigKW 3aneXxHo Big KOHTEKCTY. [Ans Tpu4i HeraTuBHOroO
niagTvny paky rpygHoi 3amo3v y3ararnbHEHO B3aeMOSito
deponTody 3 IHPINETPYIOUUMU IMYHHUMU  KITITUHAMK
Ta NigKPEeCNeHo, Wo MaHinynauii heponTo3HO YyTnu-
BICTIO MOXYTb 3MiHIOBaTV e(EeKTUBHICTb iMyHOTepanii,
OfHaK OyviKyBaHWI pe3ynbTaTt BU3HA4YaETbCs TUM, YM Nnepe-
Baxxae 3armbenb MNyXNMHHWUX KITITUH i3 POPMyBaHHAM
iIMYHOTEHHMX CWrHamiB, Y1 YLUKOOXKEHHS TOpKaeTbCH
KPUTMYHO BaXnuBuX iMyHHUX edekTtopiB y TME [58].
Lle cTtBOptoe noriyHe nigrpyHTss Ans  KomMOiHOBaHMX
nigxoniB, Oe penoKC-MOAynsuisi MOEAHYETbCS 3 METO-
AaMy  MigBULWEHHS iHdinbTpauil Ta  dyHKUiOHanbHOI
npugatHocTti CD8* T-kniTuH, a Takox 3i cTpaTudikaieto
3a meTabonivyHo-NiNigHMMK MapKepamu.

Y Mexax KIiHIYHO oOpieHToBaHOI koHuenuii «cold-
to-hot» ons paky rpygHoi 3anosv Hakonu4eHi daHi cBia-
YyaTb, WO meTaboniyHi nNobiyHi npogyktn TME, 3okpema
ROS, moxyTb 6yTM OAHMMW 3 YMHHUKIB, SAKi NigTpW-
MYIOTb «XONOAHWUNY (heHOTUN Yepe3 MpUrHideHHs T-kni-
TUHHOT (PYHKLi Ta CNPUAHHSA CYNPECUMBHUM MIENOiIAHUM
nporpamam. Ornagosi poboTn 3 nepenporpaMmyBaHHA
TIME Bka3zyoTb Ha AOLUiINbHICTb KOMGIHOBaHMX CTpaTerin,
CNpsIMOBaHMX Ha 3MeHLLeHHs 6ap’epiB Ans iHinbTpauii
Ta Ha PEeBEpPCit0 CYyNPecuUBHUX CUrHarmiB, e pedoKc-BiCb

Equally important is the thioredoxin system
(Trx/TrxR), which ensures the restoration of oxidized
protein thiols and maintains redox control of transcriptional
and stress responses. In cancer models, this system can
simultaneously promote the survival of tumor cells under
chronic stress and influence the functional properties
of TME cells. Therefore, Trx-targeted interventions
are theoretically capable of altering the «effector-
suppression» balance, but the expected direction of the
effect is not universal and depends on the initial redox
profile of the tumor and the composition of the immune
infiltrate [27]. For BC, this means that the potential
of Trx/TrxR modulation should be evaluated in conjunction
with the TME phenotype (presence of «cold» or immune-
exclusive patterns) and therapeutic burden parameters.

The immunological relevance of redox modulators
is particularly important in situations of therapy-induced
oxidative stress, when damage to both the tumor and
the immune system occurs simultaneously. For radiation
therapy, it has been systematized that ROS-mediated
mechanisms can promote antigen release, trigger
immunogenic cell death, and alter immune cell infiltration,
but are also capable of supporting suppressive
programs, including Treg activation and myeloid
suppressor cell stabilization, as well as modulating
checkpoint expression [57]. Therefore, redox modulators
in combination regimens should be considered as a tool
for «fine tuning» — preserving the immunogenic
component of tumor damage while limiting excessive
immunosuppression induced by diffuse oxidative stress.

A special case of redox-dependent immune interaction
is ferroptosis, which integrates lipoperoxidation, iron
metabolism, antioxidant protection and can have both
immunostimulatory and immunosuppressive effects
depending on the circumstances. For triple-negative
BC subtypes, the interaction between ferroptosis and
infiltrating immune cells has been summarized, and it has
been emphasized that manipulating ferroptosis sensitivity
can alter the effectiveness of immunotherapy. However,
the expected outcome is determined by whether tumor
cell death with the formation of immunogenic signals
prevails or whether the damage affects critically important
immune effectors in the TME [58]. This provides a logical
basis for combined approaches, where redox modulation
is combined with methods to enhance the infiltration and
functional suitability of CD8* T cells, as well as stratification
based on metabolic lipid markers.

Within the clinically oriented «cold-to-hot» concept for
BC, accumulated data suggest that metabolic byproducts
of the TME, particularly ROS, may be among the factors
that maintain the «cold» phenotype by suppressing T-cell
function and promoting suppressive myeloid programs.
Reviews of TME reprogramming indicate the feasibility
of combined strategies aimed at reducing barriers
to infiltration and reversing suppressive signals, where
the redox axis is considered as one of the metabolic
levers influencing T-cell depletion and functional
impairment in the TME [55]. At the same time, a correct
interpretation requires consideration of alternative
explanations: ROS increase may be a secondary marker
of hypoxia and substrate deficiency, which themselves
determine immune dysfunction; therefore, interventions
that alter only the oxidative component, without correcting
metabolic competition, may have a limited effect.

At the cellular mechanism level, an important target
for redox interventions is the mitochondrial function
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po3rmMsaAaeTbCs K OAMH i3 METaboniYHMX BaXKeriB BNMBY
Ha BUCHaXEHHA Ta QYHKLUIOHaNbHY HEMOBHOLIHHICTb
T-knituH y TME [55]. BogHoyac [o0KasoBO KOpEKTHE
TpakTyBaHHs noTpebye BpaxyBaHHA anbTepHaTMBHUX
NnosicHeHb: 3pocTaHHs ROS wmoxe O6yTu BTOPUHHUM
MapkepoM Trinokcii Ta gediunty cybceTtpartie, Aki cami
no cobi BM3HAYaloTb iIMyHHY AMCHYHKLiO; TOMY iHTep-
BEHL,i, WO 3MiHIOOTb NUe OKCUAATUBHWUIN KOMIMOHEHT,
6e3 Kopekuii MeTabomniyHOI KOHKypeHLUii, MOXyTb MaTtu
obmexeHnn edpexT.

Ha piBHi KMNITUHHMX MEXaHi3MiB BaXXnMBMM 06’€KTOM
penoKC-iHTepBEHL € MiTOXOHApIanbHa yHKuia T-niMdo-
LMTIB, OCKiNbkM MiToxoHapianbHi ROS i nopylueHHs auHa-
MIKW/SIKOCTi  MITOXOHZPIA ACOLiIOIOTBCS 3 BUMCHAXEHHSM
Ta 3HWKEHHAM LMTOTOKCUYHOT aKTMBHOCTI B yMOBax Tp1Ba-
NIOr0  @aHTUrEeHHOro CTUMYFy Ta T[iMOKCii. Y3aranbHeHo,
Lo NiATPUMKA MITOXOHAPIANbHOI MIaCTUYHOCTI, KOHTPOIb
mtROS Ta SAKICHWI KOHTPOMNb MITOXOHAPIA MOXyTb OyTn
YMOBOIO BifHOBMEHHSA MPOTUNYXIMHHOI npuaatHocTi TILs
i NigBULLEHHST eeKTMBHOCTI KOMBIHOBAHOro niKyBaHHS,
BKITHOYHO 3 MigXo4amu, WO OpieHTOBaHi Ha meTaboniyHi
Ta pegokc-By3nu [59]. Lle niacuntoe apryMmeHT Ha KOpUCTb
TOro, WO PEeAoKC-MOQyNnsaToOpy [OOUINbHO  po3rnsgaTy
He SIK «aHTMOKCWOAHTX 3aranbHoi Aii», a SIK MOTEHUINHI
ag’loBaHTW, 34aTtHi 3MEeHLWyBaTW Tepaniero  iHAyKOBaHy
iIMYHHY AMCYHKLIO 3@ YMOBM NpaBuibHO 06paHOI MilLieHi
Ta PEeXUMY 3aCTOCYBaHHS.

Y KOHTEKCTi papMakonoriyHOi NepCneKTUBM MyTaKkCUM
MOMYHO MNO3ULIOHYBaTU K  AUCYNbdiO-OPiEHTOBAHNN
MOoAynATop Tion-aucynbgigHoro 6anaHcy (aHanor okuc-
HEHOro [rnyTaTioHy), MNOTEHUINHO 34aTHUIA  BNMBATU
Ha penoKC-YyTNMBI CUrHanbHi By3nu, siKi KEpylTb akTu-
BaLli€t0 Ta BUKMBAHICTIO KITITUH IMYHHOI CMCTEMU Mig Yac
cucteMHoi Tepanii. OgHak, 3 no3uuii A0Ka3oBOI Meaun-
LMHW, ANSt OHKOMOTIi (30Kpema paky rpyaHoi 3anosu) npuH-
LMMOBO BaXIMBUM € PO3MEXYBaHHSA: (1) MexaHiCTU4HOI
npaegonogioHocTi (BnnmB Ha GSH/GSSG, Tion-3anexHi
mMoaudiKaLii, pegokc-4yTnvBi TPAHCKPUNLINHI nporpamm),
(2) pokniHiYHOI eheKTUBHOCTI B peneBaHTHUX MOAENsAx
3 OLiHKOI IMYHHWX KiHLEBUX TOYOK, (3) KNiHIYHOI KOPUCTI,
nigTBEPOKEHOI JOCMIAKEHHAMN HANEXHOI SKOCTi 3 Bani-
OOBaHUMM  iIMYHHVMMK  Giomapkepamu Ta  KRNiHIYHUMUN
KiHLEeBMMU ToYKamn. BpaxoBytouu, WO CyvacHi ysBNeHHS
npo thiol-dependent perynsuito nigkpecnowTb MOTEH-
uian kepoBaHUX 3MiH S-rmyTaTioHINoBaHHA siK Crocoby
mMoaudiKaLii KMNiTMHHMX Mporpam y CTPecoBMX YMOBaXx,
iIMyHOMOriYyHa rinoTe3a 3acTOCyBaHHSA [MyTakCUMy Mae
OyayBaTuCs Ha BUMIpIOBaHNX Mapkepax pefoKc-BianoBii
Ta (PyHKUIOHANBbHOCTI iIMYHHMX KIITUH, @ HE Ha HEMPAMMX
cyporarax [26].

3 npakTM4HOro mormsagdy, IMyHOMOTYHI  PU3NKK
penoKc-MoAynALii B NiKyBaHHi paky rpyaHOi 3arnoaw nos’si-
3aHi 3 MOXITMBICTIO «HELiNbOBOro» NiACUNEeHHS aHTUOKCK-
[AHTHOI EMHOCTI MYXIMHHUX KITITWH, WO NOTEHLINHO MOXe
3MeHwyBaTu edekTBHICTb ROS-3anexHoi LMToToKCHY-
HOCTi Ta CMpUSTU BWXMBAHOCTI pe3uayarbHUX KMOHIB.
[opatkoBuM mkepenom BapiabenbHOCTi € rereporex-
HicTe TIME Mix nigTynamu paky rpyaHoi 3anosu, a Takox
MK MEPBUHHOK MyXMMHOK W METACTaTUYHUMW Hillamu;
OTXe, HaBiTb 3@ OAHAKOBOIO CMCTEMHOIO Npodinto okcu-
OaTUBHOTO CTpecy IoKamnbHi  PEefoKC-yMOBU  MOXYTb
CYTTEBO pi3HUTUCHA. Came TOMY peneBaHTHUM HanpsiMom
nofanblinx [OCHiAKeHb € BU3HAYEHHS MpeaukTopis
BiONOBIAI Ha peadoKkc-moaynsauito:  nokasHukis GSH/
GSSG, o3Hak ninonepokcuaauii Ta eponTo3HOi YyTnu-
BOCTI, xapaktepncTuk NRF2-akTmBHOCTI 1 Trx-3anexHux

of T Ilymphocytes, since mitochondrial ROS and
disturbances in mitochondrial dynamics/quality are
associated with depletion and decreased cytotoxic activity
under conditions of prolonged antigenic stimulation
and hypoxia. In summary, maintaining mitochondrial
plasticity, controlling mtROS, and ensuring high-quality
mitochondria may be prerequisites for restoring the
antitumor efficacy of TILs and improving the effectiveness
of combination therapies, including approaches targeting
metabolic and redox nodes [59]. This reinforces the
argument that redox modulators should be considered
not as «general antioxidants» but as potential adjuvants
capable of reducing therapy-induced immune dysfunction,
provided that the target and mode of application are
correctly selected.

In the context of pharmacological prospects,
glutaxime can be logically positioned as a disulfide-
oriented modulator of the thiol-disulfide balance (an
analogue of oxidized glutathione), potentially capable
of influencing redox-sensitive signaling nodes that control
the activation and survival of immune system cells
during systemic therapy. However, from the perspective
of evidence-based medicine, it is fundamentally important
for oncology (in particular BC) to distinguish between:
(1) mechanistic plausibility (effects on GSH/GSSG, thiol-
dependent modifications, redox-sensitive transcriptional
programs), (2) preclinical efficacy in relevant models with
assessment of immune endpoints, (3) clinical benefit
confirmed by studies of adequate quality with validated
immune biomarkers and clinical endpoints. Given that
modern ideas about thiol-dependent regulation emphasise
the potential of controlled changes in S-glutathionylation
as a means of modifying cellular programmes under
stressful conditions, the immunological hypothesis for the
use of glutaxime should be based on measurable markers
of redox response and immune cell functionality, rather
than indirect surrogates [26].

From a practical point of view, the immunological risks
of redox modulation in BC treatment are associated with
the possibility of ‘off-target’ enhancement of the antioxidant
capacity of tumour cells, which could potentially reduce the
effectiveness of ROS-dependent cytotoxicity and promote
the survival of residual clones. An additional source
of variability is the heterogeneity of the TME between
BC subtypes, as well as between the primary tumour and
metastatic niches. Therefore, even with the same systemic
oxidative stress profile, local redox conditions can vary
significantly. That is why a relevant direction for further
research is to identify predictors of response to redox
modulation: GSH/GSSG ratios, signs of lipoperoxidation
and ferroptosis sensitivity, characteristics of NRF2 activity
and Trx-dependent programmes in tumour and
immune cells, as well as functional markers of T-cell
exhaustion/recovery in the TME.

Thus, the immunological aspects of using redox state
modulators in BC should be interpreted as a direction
of adjuvant therapeutic optimisation aimed at reducing
stress-induced immunosuppression and restoring the
effector capacity of the immune system in conditions
of aggressive TME. Conceptually well-founded
approaches combine redox interventions with regimens
that increase the immunogenicity of tumour damage
(in particular, radiation therapy) and methods of reversing
the ’cold’ phenotype. However, their implementation
requires strict biomarker monitoring, patient stratification,
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nporpam y MNyXSUHHUX Ta iMyHHUX KMiTMHAaxX, a Takox
byHKUIOHANbHNX  MapKepiB  BUCHaXEHHS/BIOHOBMNEHHS
T-knitnH y TME.

Takum YMHOM, IMYHOMOriIYHI acneKkTu 3acTOCyBaHHSA
MOZAYNATOPIB OKMCHO-BIQHOBHOMO CTaHy Npwv paky rpyaHoil
3ano3mn OouUinbHO TPaKkTyBaTu SK HanpsMOK af'loBaHTHOI
TepaneBTUYHOI ONTUMI3aLii, CNPSMOBAHOI Ha 3HWXKEHHS
CTpec-iHOyKOBaHOI iMyHOCYNpecii Ta BiAHOBNEHHSA edek-
TOPHOI NPUAATHOCTI IMYHHOI CUCTEMM B yMOBaXxX arpecuB-
Horo TME. KoHuenTyanbHO 06r'pyHTOBaHMM BUMMSAA0Th
nigxoam, WO NOEOHYOTb PeOOKC-iHTEPBEHLT 3 pexxnmamu,
SKi NiABWLLYIOTb IMYHOT€HHICTb MYyXJIMHHOTO YLUKOOXKEHHS
(3okpema, NnpoMeHeBa Tepanis) Ta 3 MeTogaMmu peBepcii
«XONOAHOro» heHoTUMy, odHaK ix peanisauis noTpebye
cTpororo GiomapkepHOro cynposogay, ctpatudikauii naui-
EHTIB | pO3MeXyBaHHA eeKTIB y NyXJIMHHOMY Ta iMyH-
HOMY KOMMapTMEeHTax.

BUCHOBKHU

Tion-ancynboigHa cuctema (rmytatioHoBa Ta Tiope-
[OKCMHOBA NaHKW) € He «4pYropsigHUM aHTUOKCUOAHTHUM
POHOM», a KepiBHUM BY3NOM pPeLOKC-CUrHaniHry, SKuUn
BM3Ha4ae SAKiCTb npotunyxnuHHoi Bignosigai B TIME:
NpuaaTHICTb aHTuUreHnpeseHTauii, edekTopHicte CD8*
T-kniTuH | NK-kniTWH, a Takox nonspusaLito MienoigHux
nonynsuin. KpMTMYHO BaXXnuBoK € Hopmanisauis giana-
30Hy ROS/RNS-curHanis, a He ix ToTanbHe NPUrHIYeHHs,
o6 YHUKHYTU pegyKTUBHOTO AUCTPeECY.

Tepanieto iHAYKOBaHWI OKCUAATUBHUIA CTPEC NPU Heoa-
[O’IOBaHTHIN ximioTepanii 34aTHUn 0gHOYacHO NigsuLLyBaTh
iIMyHOrEHHICTb MYXMUHHOTO YLUKOKEHHS Ta 3anyckatu
TpuBany iMyHOCYMNpecito 4epe3 BUCHaXKEHHS T-KNiTuH,
MeTaboniyHy aenpuvBauito i JOMiHYBaHHSI CYNpecOpHUX
nporpam y MiKpooTo4YeHHi. ToMy pegoKc-BTpyYaHHSA MatoTb
po3rnsgaTtucs §K ag’toBaHTHWUMA iHCTPYMEHT 3 4YacoBOH
NPUB’A3KOKD 0 CMCTEMHOrO NiKyBaHHs Ta 00O0B’sI3KOBUM
koHTponem Giomapkepie (GSH/GSSG, NRF2-akTuBHicTb,
Mapkepw ninonepokcuaadii/ceponTosy).

[myTtakeum a9k gucynbdig-opieHToBaHMN  MoAy-
nsaTop (aHanor OKUCHEHOrOo rMyTaTiOHy) KOHLUEeNTyarbHO
npyaaTHUA AN «TOHKOro nepeHanaluTyBaHHS» Tion-3a-
NEeXHUX MNOCTTpaHCAAUIMHUX Mogudikauin (3okpema
S-rnyTaTioHINOBaHHS) i NATPUMKN YHKLIOHANBLHOI CTin-
KOCTi IMYHHUX KMITUH Mig 4Yac TepaneBTUYHOro CTpecy.
BogHo4ac kn4YOBMM pU3MKOM € HeuinboBe nigcu-
NEHHS aHTUOKCUAAHTHOI EMHOCTI NYyXNUHHUX  KNITUH.
MepcnekTuBa 3acTocyBaHHs MoTpebye cTpaTudikauii
3a pegokc-npodpinem Ta AOCNiMXeHb 3 iIMyHHUMM KiHUe-
BMMMW TOUKaMMU.
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and differentiation of effects in the tumour and immune
compartments.

CONCLUSIONS
The thiol-disulphide system (glutathione and
thioredoxin links) is not a ’secondary antioxidant

background,” but rather the control centre of redox
signalling, which determines the quality of the antitumour
response in the TME: the suitability of antigen presentation,
the effector function of CD8" T cells and NK cells, and the
polarisation of myeloid populations. It is critically important
to normalise the range of ROS/RNS signals, rather than
suppressing them completely, in order to avoid reductive
distress.

Therapy-induced oxidative stress during neoadjuvant
chemotherapy can simultaneously increase the
immunogenicity of tumour damage and trigger
prolonged immunosuppression through T-cell depletion,
metabolic deprivation, and the dominance of suppressor
programmes in the microenvironment. Therefore, redox
interventions should be considered as an adjuvant tool
with a time frame linked to systemic treatment and
mandatory monitoring of biomarkers (GSH/GSSG,
NRF2 activity, lipoperoxidation/ferroptosis markers.

Glutaxime, as a disulphide-oriented modulator
(analogue of oxidised glutathione), is conceptually suitable
for the ’fine-tuning’ of thiol-dependent post-translational
modifications (in particular, S-glutathionylation) and for
maintaining the functional stability of immune cells during
therapeutic stress. At the same time, a key risk is the
unintended enhancement of the antioxidant capacity
of tumour cells. The prospect of application requires
stratification by redox profile and research with immune
endpoints.
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Limitations of the study

The authors of the manuscript deliberately acknowledge that
the limitations of this review are due to both the previously
defined scope of the topic and the availability of sources. The
search strategy covered the scientometric databases PubMed,
Scopus, Web of Science, and Google Scholar. Included studies
varied in design and methodological quality; some studies had
an increased risk of bias, and inter-study variability in outcomes
remained substantial, reducing the internal validity of pooled
estimates and limiting the generalisability of conclusions to other
populations and clinical contexts. To reduce these effects,
independent double sampling and data removal, extended
combinations of keywords and logical operators were used.

Prospects for further research

Further research should focus on experimental and clinical
evaluation of the effect of modulators of the thiol-disulphide
system on the functional activity of immune cells in the TME
of BC. Particular attention should be paid to the identification
of redox and immune response biomarkers, as well as to the
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biomapkepiB BigNOBIAi, @ TAKOX BU3HAYEHHIO ONTUMArbHUX CXEM
KOMBGIHOBaHOr0 3aCTOCYBaHHS LIMX areHTiB i3 XiMio-, N(pPOMEHEBOI0
Ta iMmyHoTeparnieto.

KoHdAIKT iHTepecis

Bci aBTopu nopganu OO pepakuii 3anoBHeHy €auHy dopmy
PO3KPUTTSI KOHNIKTY iHTepeciB MixkHapogHOro KoMIiTeTy peaak-
TopiB mMeaudHux xypHaniB «ICMJE» (International Committee
of Medical Journal Editors). ABTOpu pykonucy CBiAOMO 3acBia-
UyloTb BIACYTHICTb (DaKTUYHOro abo MOTEHLIMHOrO KOHMIKTY
iHTepeciB Woao pe3ynbTaTiB Liei pobot 3 dhapmMaLeBTUHHUMU
KOMMNaHisiM1, BMPOGHMKaMU GiomMeanyYHUX MNPUCTPOIB, HLWMMU
opraHisauisgMmu, 4ni NpoaykTw, mocnyru, diHaHcoBa nigTpUMKa
MOXYTb OyTW MOB’si3aHi 3 NpegMeToM HagaHux Matepianis abo
SIKi CIOHCOpYBanv NpoBeAeHi AOCHiAXEHHS.

AOTPUMOHHSA €TUMHUX HOPM

ABTOPY pyKOMUCy CBiJOMO 3acBiA4yHOTh, LLO MNiArOTOBKA PYKOMUCY
3MificHIOBanack BUKIMIOYHO Ha OCHOBI BigKpUTO onybnikoBaHMX
HayKkoBuX mxepen. Y poboTi He BUKOPUCTOBYBANWCb MEPCOHi-
ikoBaHi AaHi nauieHTiB, pe3ynbsTaTi NEPBUHHUX KNiHIYHKMX abo
OOKNIHIYHMX AoCHiAXEeHb. Y 3B'A3KY 3 LM OTPUMaHHS CXBaneHHs
KOMICIii 3 NUTaHb GioeTUkN He BMMaranoch. [ocniaKeHHs BUKO-
HaHe 3 JOTPUMAHHAM MPUHLIMMIB HAaNEeXHOI HayKoBOI MPaKTUKK
Ta BiQNOBIAHO A0 MiKHApPOOHWX €TUYHMX CTaH4apTiB, 30Kpema
pekomeHpauin  KomiteTy 3 nyb6nikaudiiHoi etukn «COPE»
(Committee on Publication Ethics).

BUKOPUCTAHHS LUTYYHOrO iIHTEAEKTY

ABTOpY pyKOnuCy CBIAOMO 3acBiAuytoTb, LUO Yy Mpoueci npoBe-
[eHHS JOCNiMKEHHS Ta NiAroTOBKM LibOro PyKOMmncy He BUKOPUCTO-
BYBasM XXOAHUX iIHCTPYMEHTIB abo cepBiciB reHepaTUBHOIO LUTYY-
HOTO iHTENEeKTY AN BUKOHaHHS OyAb-AKuX 3aBAaHb, NepeniveHnx
y TakcoHomii generyBaHHs 3aBAaHb reHepaTVBHOMY LUTYYHOMY
inTenekty «GAIDeT» (Generative Artificial Intelligence Delegation
Taxonomy, 2025 p.). Yci etann pobotn — Big koHuenTyanisawii
[0 diHanbHOro pefaryBaHHA — BUKOHaHI 6e3 3anyyeHHsi reHepa-
TUBHOTO LUTYYHOIO iHTENEKTY, BUKIOYHO aBTOPaMMu.

MepBuHHI AaHi Ta MaTepiaAn

ABTOpPM pyKOMUCY CBIAOMO 3aCBiAYYIOTb, L0 NEPBUHHA MeANYHa
OoKyMeHTaUist (icTopii XxBopobu, amBynaTopHi kapTku, MPOTOKONM
obcTexeHb, pesynbraTi NabopaTopHMX Ta iHCTPYMEHTanbHUX
OOCTifKeHb KOHKPETHWUX MaLieHTIB) Ta cTaTUCTUMYHI 6a3n aaHux
y poboTi He BMKOPUCTOBYBanuUcs. YCi TBEPMKEHHS Ta y3aranb-
HEHHS MigKpinneHi NocunaHHAMK Ha nepliompxkepena, AOCTYMHi
y BigkputoMmy AocTyni abo yepes HaykoBi 6ibnioTeuHi pecypcu.
[opatkoBi MaTepianu, Lo CTocyTbCst MpoLecy Binbopy axepen
4n geTanisauii metogonorii aHanisy, MoxyTb O6yTu HagaHi aBTo-
POM-KOPECMNOHAEHTOM 3@ OBrpPyHTOBaHUM 3amnMTOM.

IHdbopmaluis Nnpo doiHaOHCYBAHHS

CrtatTa € (hparMeHTOM MMaHOBOI HayKoBO-4OCRIAHOI po6oTh
Kadeapw iHdeKUiHMX XBOpob Ta KriHi4YHOI iMyHonorii Xapkis-
CbKOrO HauioHanbHOro YyHieepcutety imeHi B.H. KapasiHa
MiHicTepcTBa OXxOpoHM 300poB’s YkpaiHn «BuByYeHHs poni
iMyHHMX, aBTOIMYHHMX Ta MeTaboniyHuMx posnagiB y narore-
Hesi Ta Hacnigkax iHgeKUiHOro npouecy, WO BUKIMKaHWUIA
HakTepisimn, Bipycamu, BipycHo-BakTepianbHUMK acouiauigMmu
npu rocTpoMy, 3aTsPKHOMY Ta XPOHIYHOMY nepebiry xBopobu
Ta YAOCKOHANEHHS TaKTUKW TiKyBaHHS», HOMep [JepXaBHOi
peecTpauii 0123U105022, TepmiH BUKOHaHHS: 2023-2028 pp.,
KepiBHMK — 3aBigyBadyka Kkadedpu iHekuinHux XxBopob
Ta KMiHIYHOI iMyHOMOrii, KaHAMAAT MeOWYHUX HayK, AOLEHT
0.B. Bonobyesa.

determination of optimal regimens for the combined use of these
agents with chemotherapy, radiotherapy and immunotherapy.
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