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AHHOTAIIUA

BBepgenue. HecMOoTpsa Ha 3HAUUTENbHBIE YCIIEXH B TePAIUU OOJBHBIX XPOHUYECKHUM Muesioseriko3dom (XMJI),
yJIydIlleHHe TO0Ka3aTesiell BIKMBAEMOCTH, PA3BUTHE PE3HCTEHTHOCTH K MHruburopam tuposunkuHasd (UTK) ocraercs
AKTyaJIbHOU IPOOJIEMOH.

Il e 1 b . M3yuuTh B3aUMOCBS3b YPOBHS HKCIIPECCUU Ha KJIETKaX KOCTHOTO MO3Ta PEryJsiTOPHBIX OEJKOB P53, c-myc,
ki-67 1 xacnmaspl-3 U KOHIEHTPAIIMH OT/EJbHBIX MPO- U MPOTHBOBOCIAIIMTEIBHBIX ITUTOKMHOB B CHIBOPOTKE KPOBH C
s dexTrBHOCTHIO Tepanuu 6071bHBIX XMJI.

MaTtepuanbs u MerTons . ObcaenoBano 74 nanuenta ¢ XMJI B xpoHndeckol ¢dase 3a0601eBaHus, TOIyYa-
roux Tepanuio UTK. Y Bcex o6cIie/JToOBaHHBIX MMAITUEHTOB IIPOBEJIEHO OTIPeZie/IeHe KOHIIEHTPAIIUU OT/IEJIbHBIX IIUTOKU-
HOB U PocTOBBIX pakTopoB (TNF-q, IL-10, IL-2, IL-4, IL-6, IL-10, IL-17, IL-18, IFN-a u VEGF-A) B CIBOPOTKE KPOBH METO-
JIOM HIMMYHO(EPMEHTHOTO aHAIN3a U UMMYHOITUTOXUMUUYECKOE HCCIE0BAHNE MAa3KOB KOCTHOTO MO3Ta ¢ MOHOKJIOHAJIb-
HBIMHU aHTUTEJIAMU NIPOTUB AHTUTEHOB PETYJIATOPHBIX MOJIEKY Ki-67, p53, c-myc 1 Kacnasbl-3. [IJ1s1 onpeiesieHust poyiu
M3y4aeMbIX OMOMapKepOB B IPOTHO3UPOBAHUU 3 deKTa OT Tepauy NPOBE/IEH CPABHUTEbHBIN aHAIN3 X 3HAUYEHU B
rpymmnax 60JbHBIX, JOCTUTIIHX (N = 50) U He JOCTUTIIHX (N = 24) 60JIbIIIOT0 MOJIEKyIsipHOTO 0TBeTa (BMO).
PesdynbTart bl . CpaBHUTEIHHBIN aHAJIN3 YPOBHS SKCIIPECCHH HA KJIETKAX KOCTHOTO MO3Ta PETYJISITOPHBIX MOJIEKYJT
Y KOHI[EHTPAIIMH I[UTOKWMHOB, POCTOBBIX (PAKTOPOB B CBIBOPOTKE KPOBH 001bHBIX XMJI B 3aBUCUMOCTH OT IJIyOHUHBI OTBETA
Ha tepanuio UTK nokasast, 4To y HaIriueHToB, He AocTurirux BMO, oTMeuaeTcst J0CTOBEPHO 60Jiee BBICOKUI YPOBEHD HKC-
MIPECCHH Kaclasbl-3 ¥ KOHIEHTPAIMH TPOBOCIATUTETBHBIX IIUTOKUHOB IL-1p, IL-2, IL-6 u IL-17, a Takxe pocToBoro ¢ak-
Topa VEGF-A 10 cpaBHEHUIO C TAKOBBIM Y MAIIEHTOB C JIOCTUTHYTHIM OTBeTOM Ha Tepanuio (BMO). B cBoro ouepesp,
noctkeHrne BMO xapakTepu30Bajioch 00jiee BHICOKUM YPOBHEM 3KCIIPECCHU PETYJISTOPHBIX MOJIEKYJI P53 U C-myc, a
Tak)Ke yBeJIMYeHHEM KOHIleHTpanuu [L-10 u cHmkeHneM KoHenTpanun 1L-103, IL-2, IL-6 u IL-17. AHaIn3 KOppesAIoH-
HBIX B3aWMOCBA3EH MEX/Ty YPOBHEM OHKCIIPECCHH H3YYAeMBIX PEryJIATOPHBIX MOJIEKYJ U KOHIIEHTPAITUEH OTAETbHBIX
IIUTOKHUHOB MTOKA3aJl HAJTUYHeE CTATUCTUYECKH 3HAYNMOM OTPHUIATEIbHON B3aUMOCBA3H c-myc u p53 ¢ IL-2, IL-1B, IL-17 u
MIOJIOXKUTENILHOH (MIPSAMOI) B3aUMOCBSI3HU c-myc U p53 ¢ IL-10, MPpsAMOH B3aMMOCBA3U MEX/Iy YPOBHEM Kacnasbl-3 u IL-2,
IL-1f, IL-6, IL-17 u 06paTHON B3aUMOCBA3H MeXKAy Kacnazou-3 u IL-10. Takum ob6pasom, goctmkernre BMO y 607bHBIX
XMJI BeposiTHee TIpHU 6oJiee BBICOKOM SKCIIPECCUU HA KJIETKaX KOCTHOTO MO3Ta PETYJIATOPHBIX MOJIEKYJI C-MYC U P53, HU3-
KOU DKCIPECCUU Kaclasbl-3, a TAKyKe HU3KOM KOHI[EHTPAIUK B CHIBOPOTKE KpoBH IL-2, IL-13, IL-17, IL-6 1 BBICOKOU KOH-
neHTpanuu 11-10, 4TO yKa3bIBa€T HA CHHEPTHU3M B yUaCTUU U3y4aeMbIX OoMapkepoB B matoreHe3e XMJI u ero omyxoJe-
Bol mporpeccun. PesynpraTel ROC-aHamM3a moKa3aayu BBICOKOE Ka4eCTBO MPOTHOCTUYECKUX MOJIENIEH, XapaKTePU3YIo-
mux gpocrrxkenre BMO nipu ypoBHe 5KCIpeccu B KOCTHOM MO3re ¢c-myc > 6%, p53 > 4%, KOPPeJIUPYIeM ¢ HU3KUMU
KOHIIEHTPAIUsAMU B ChIBOPOTKE KpoBu I1L-2, IL-1P3, IL-17 u BbICOKOH KOHIeHTparuei 1L-10, 4TO yKa3pIBae€T Ha BO3MOXK-
HOCTb UCIIOJIb30BaHUS JJAHHBIX TIOKa3aTesIed B KaUueCTBe MOTEHITHAIbHBIX OnoMapkepoB 3¢ dextuBHOCTH Tepanuu XMJI u
nocrukenuss BMO.
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3axkJ04eHHUe . Pe3yspraTsl HccaeT0BAHUS TOKA3AIH, YTO KOHIIEHTPALNA IUTOKUHOB B CBIBOPOTKE KPOBU 00JIb-
HbIX XMJI KOppeupyeT ¢ HHTEHCUBHOCTBIO SKCIIPECCUU OEJIKOB c-myc, P53, KACIla3bl-3 U NMeeT 3HAUeHHE B IIPOTHO3UPO-
BaHUU 3O GEKTUBHOCTH TEPATIUH.

Knaoueewvle cnao6a: XpoOHUUECKUN MUeEJI0IeNK03, O0JIBIION MOJIEKYIAPHBIN OTBET, UHTUOUTOPHI THPO3UHKUHAS, IUTO-
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The role of cytokines and cell cycle regulators in predicting
of therapy response in patients with chronic myeloid leukemia
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ABSTRACT

Introduction. Despite significant advances in therapy of patients with chronic myeloid leukemia (CML),
improved survival rates, development of resistance to tyrosine kinase inhibitors (TKIs) remains an urgent problem.

A i m . To study the correlation between the level of expression of regulatory proteins p53, c-myc, ki-67 and caspase-3 on
the bone marrow cells and the concentration of certain pro- and anti-inflammatory cytokines in blood serum with the
effectiveness of therapy in patients with CML.

Materials and methods. Seventy-four CML patients with chronic phase of the disease receiving TKI
therapy were examined. In all patients, the concentration of certain cytokines and growth factors (TNF-q, IL-1p, IL-2, IL-4,
IL-6, IL-10, IL-17, IL-18, IFN-a, and VEGF-A) was determined in blood serum by enzyme immunoassay and immunocyto-
chemical study of bone marrow smears with monoclonal antibodies against antigens of regulatory molecules ki-67, p53,
c-myc, and caspase-3. To determine the role of the biomarkers in predicting the therapy effectiveness, a comparative
analysis of their values in groups of patients with a major molecular response (MMR) (n = 50) and without MMR (n = 24)
was performed.

Results. Acomparative analysis of the expression of regulatory molecules on the bone marrow cells and the blood
serum concentration of cytokines and growth factors of CML patients, depending on depth of the response to TKI therapy,
showed that patients who did not achieve MMR had a significantly higher level of caspase-3 expression and concentration
of pro-inflammatory cytokines IL-1f3, IL-2, IL-6 and IL-17, as well as growth factor VEGF-A compared with those in patients
with MMR. In turn, the achievement of MMR was characterized by a higher level of expression of regulatory molecules p53
and c-myec, as well as an increase in the IL-10 concentration and a decrease in the IL-1f, IL-2, IL-6 and IL-17 concentration.
Analysis of the correlation between the level of expression of regulatory molecules and the single cytokine concentration
showed a negative correlation between c-myc and p53 with IL-2, IL-1f, IL-17 and a positive (direct) correlation between
c-myc and p53 with IL-10, a positive correlation between caspase-3 and IL-2, IL-1f3, IL-6, IL-17 and a negative correlation
between caspase-3 and IL-10. Thus, the achievement of MMR in patients with CML is more likely with a higher expression
of regulatory molecules c-myc and p53 on the bone marrow cells, low expression of caspase-3, and low serum concentra-
tions of IL-2, IL-1P, IL-17, IL-6 and a high concentration of IL-10, which indicates synergism of the biomarkers in the
pathogenesis of CML and its tumor progression. The ROC analysis results showed the high quality of predictive models
characterizing the achievement of MMR at the level of expression of c-myc > 6%, p53 > 4% in the bone marrow, which cor-
relates with a low serum concentrations of IL-2, IL-1f, IL-17 and a high concentration of IL-10, and indicates the possibil-
ity of using these indicators as potential biomarkers of effectiveness of CML therapy and achievement of MMR.
Conclusion. The results of the study showed that the concentration of cytokines in the blood serum of CML
patients correlates with the intensity of expression of c-myc, p53 and caspase-3 proteins and is important in predicting the
effectiveness of therapy.
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BBEJIEHUE

B Hacrosee Bpems mapagurma JedeHus 60JIb-
HBIX XPOHUYECKUM Muetoseliko3om (XMJI) nperep-
IeBaeT u3MeHeHus. Pacimiperue apceHaaa WHTHOU-
TopoB Tupo3uHknHa3 (UTK) u HaKoIUIeHNe KJIMHU-
YeCKOTO OIIBITA UX IIPUMEHEHUs TO3BOJIMIIA paccMa-
TPHBATh BO3MOKHOCTb OTMEHBI Tepaluy y 4YacTU
MaIeHTOB TPHU JOCTHXKEHUH CTaOWIHLHOTO TUIyDOo-
Koro MoviekyssipHoro otBera (I'MO). Opjnako
vacroTa pocrikenus 'MO Ha ¢oHe HelpepbIBHON
natuneTHedl Tepanuu WTK mepBoro moxoseHUs
(MMaTHHUOOM) COCTaBJISIET TOJBKO 30 %, a IIPH MPU-
meHenuu Tepanuu UTK Broporo nmoxosnenus (HuiIo-
TUHUO, 1a3aTUHUO, 603yTUHUO) — 30—55 % [1].

IMockosibky M'TK He cHOCOGHBI K 3pafuKaIiuu
JIEHKEMHUYECKUX CTBOJIOBBIX KJIeTOK (JICK), koTopbie
SABJIAIOTCA CyOCTPATOM MOJIEKYJISIDHOTO DPENV/INBA
IIpY TOIBITKE OTMEHBI TePAIUY, U3yIeHUe OO~
HUTEJIBHBIX MEXaHU3MOB, PeryJIUPYIONIUX TIyOuHY
SpaJIuKAIK OILyX0JIEBOT'O KJIOHA, IIpeJICTaBJIfAeT
60JIBIIYI0 aKTyaJbHOCTh. Ha OCHOBaHWM pe3ysbTa-
TOB MHOTOYHCJIEHHBIX HCCIEIOBAHUH OBLIO ITOKa-
3aHO, YTO BeZyIIas PoOJb B Pa3BUTHUU JIEKAPCTBEH-
HOU Pe3UCTEHTHOCTU K Tepallu U IPOrpeccupoBa-
HUH 3JI0KQYeCTBEHHOTO IpoIiecca MpYU MHOTHUX OILy-
X0JIAIX, B TOM yuncsie npu XMJI, mpuHaJIe:KuT Hapy-
IIEHNUI0 TPONdepaTUBHON AKTUBHOCTH OIIyXOJie-
BBIX KJIETOK U IIPOIIECCOB aIomnTo3a [2].

Vcnonp3oBaHue OHOMapKEPOB, KOPPEJIUPYIO-
IIUX C YPOBHEM DKCIPECCUU PETYJIATOPHBIX MOJIE-
KYyJI KJIETOYHOTO ITUKJIA U ATIOIITO03a, MOXKET SABJISTHCS
JIOTIOJTHUTEJIbHBIM UHCTPYMEHTOM JIJIsI IPOTHO3UPO-
BaHUA 3G PEKTUBHOCTH U YIIyULIeHUS UCXO/I0B Tepa-
muu O0osbHBIX XMJI. Tak, B KadyecTBe OJHOIO M3
TaKUX MOTEHI[UAJIBHBIX OMOMapKEPOB MOXKET pac-
CMaTpPUBAThCA KOHIIEHTPAIUS ITUTOKUHOB B CHIBO-
pOoTKe KpoBU. VI3BECTHO, UTO IUTOKUHBI PETYJIH-
pyioT B3aumooTHoueHue JICK ¢ ux MUKpPOOKpYy»Ke-
HUeM, CIIOCOOCTBYIOT MX BBIKMBAHUIO U Pa3BUTHIO
PE3UCTEHTHOCTH K TapreTHOU Tepamuu [3]. OiHaKO
MeXaHU3MBbI B3aHMOCBSA3M MapKepoB Ipoiudepa-
TUBHOHM aKTUBHOCTHU U aIlONTO3a C KOHIIEHTpAIuen
IIUTOKUHOB B CHIBOPOTKE KPOBU 60J1bHBIX XMJI uzy-
YeHbI HeZIOCTATOUHO. He ompezieieHo X MpOrHOCTH-
yecKkoe 3HaueHUe B OTHOIIIEHUH JIOCTYKEHUS U TIIy-
6unbl orBera Ha UTK y 60mpubIx XMJI. B cBs3u ¢
BBIIIIECKA3aHHBIM IIPOBeZIeHNEe HACTOSIIETO HCCIIe-
JTOBAHUS IIPEJICTABJISETCS BEChMa aKTyJIbHBIM.

HOEJIb NCCJIEAOBAHUA

N3yueHre B3aWMOCBSI3U VPOBHs OKCIIPECCUH
PeryisTOpHBIX 6EJIKOB P53, c-myc, Ki-67 1 Kactassi-3
Ha KJIeTKaX KOCTHOTO MO3Ta ¥ KOHIIEHTPAIUuHu

INTRODUCTION

Currently, the paradigm of the treatment of
patients with chronic myeloid leukemia (CML) is
changing. The expansion of the tyrosine kinase
inhibitors (TKIs) range and the accumulation of clin-
ical experience in their use made it possible to con-
sider the possibility of withdrawal of therapy in some
patients which achieved a deep molecular response
(DMR). However, the rate of achieving DMR during
permanent five-year therapy with first-generation
TKIs (imatinib) is only 30%, while with second-gen-
eration TKIs (nilotinib, dasatinib, bosutinib) it is
30-55% [1].

Since TKIs are not capable of eradication of leu-
kemic stem cells (LSCs), which are the substrate of
molecular recurrence when trying to withdraw ther-
apy, the study of additional mechanisms that regu-
late the depth of eradication of a tumor clone is of
great relevance. Based on the results of numerous
studies, it has been shown that a key role in the
development of drug resistance and tumor progres-
sion in many tumors, including CML, belongs to an
impairment of proliferative activity of tumor cells
and apoptosis [2].

The use of biomarkers that correlate with the
level of expression of cell cycle and apoptosis regula-
tors can be an additional tool for predicting the effec-
tiveness and improving therapy outcomes in patients
with CML. Thus, the concentration of cytokines in
blood serum can be considered as one of these poten-
tial biomarkers. It is known that cytokines regulate
the relationship between LSCs and their microenvi-
ronment, promote their survival and the develop-
ment of resistance to targeted therapy [3]. However,
the mechanisms of the relationship between markers
of proliferative activity and apoptosis with concen-
tration of cytokines in the blood serum of patients
with CML have not been studied enough. Their prog-
nostic value in relation to the achievement and depth
of response to TKIs in patients with CML has not
been determined. Thus, the present study seems to
be very relevant.

AIM OF THE RESEARCH

Study of the correlation between the level of
expression of regulatory proteins p53, c-myc, ki-67
and caspase-3 on the bone marrow cells and the con-
centration of certain cytokines in blood serum with
the effectiveness of therapy in patients with CML.

MATERIALS AND METHODS

The study included 74 CML patients with
chronic phase of the disease receiving TKIs. The
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OT/IEJIPHBIX [IUTOKUHOB B CBIBOPOTKE KPOBU € 3(pek-
THBHOCTBIO Tepanuu 60bHbIX XMJI.

MATEPUAJIBI 1 METO/IbI

B uccienoBanue ObLIO BKIIOYEHO 74 MAITHEHTA C
XMJI B XxpoHHUeCcKOH daze 3a60J1€BaHUsI, TIOJIyIaI0-
mux tepanuio UTK. Cpexnnuii Bo3pact obcierye-
MBIX COCTaBWI 54 + 14 roza (95% JOBepUTEIbHBIN
uaTepBas (JIM11) 50-57). IIpeobiaasm mamueHThbI
JKeHckoro mosa (26 (35.1 %) — MyKYUHBI U 48
(64.9 %) — >xeHnmuHbI). Menuana BpeMeHH HaOJIIO-
genus — 4 roga (1—9). Ha MOMEHT BKJIIOUEHHS B
uccnenoBanue tepanusa UTK 1-ro mokoseHus (uma-
THUO) mpoBoamIack 48 (64.9 %) 6onbHbIM, UTK
2-T0 TmoKoJieHuss — 26 (35.1 %) GosbHBIM. Cpenu
UTK 2-ro nokosienusa B 11 (14.9 %) ciydasx ObLT
HasHa4YeH HUJIOTHHUO, B 11 (14.9 %) — mazatuHub U B
4 (5.3 %) — O6o3yrunu6b. I[IpoBommMmasi Tepamnus
nospoymia 50 (67.6 %) OOJBHBIM JOCTUYDL 0OJIb-
moro mosiekysisipaoro oreeta (BMO). Onpezienerue
dasp1 3a601eBaHUA U TITyOUHBI OTBETA IPOBOUIIOCH
cormacHo kputepusim European Leukemia Net
2020 T. [4]. Joctuxxkenne BMO koHcTaTHpoBaIu
npu ypoBHe BCR/ABL < 0.1 %.

BceMm uccieryeMbiM GOJIBHBIM IIPOBEZIEHO OIIPe-
JleJIeHHuEe KOHIIEHTPAIIUU OTAEJTbHBIX ITUTOKUHOB U
pocroBeix pakropos (TNF-q, IL-1B, IL-2, IL-4, IL-6,
IL-10, IL-17, IL-18, IFN-a u VEGF-A) B chIBOpOTKE
KPOBH C ITIOMOIIbI0 UMMYHO(DEPMEHTHOTO aHAIN3a ¢
HCIIOIb30BaHNEM Habopa peareHToB V®DA-BECT
(AO «Bexktop-Bect», Poccusi), a Takke YPOBH:A IKC-
MPECCUU  PETYJIAITOPHBIX MOJIEKYJT KJIETOUHOTO
nukia u anomnrosa (ki-67, 6eJ1KoB p53, Kacmasbi-3 U
c-myc) B IIUTOJIOTHYECKUX Ma3KaX KOCTHOTO MO3Ta,
MTOJIyYeHHBIX IIyTeM acIUpaIriuoOHHON 6uoricuu. st
HCCIIeTIOBAHUA UMMYHOJIOTHYECKOTO (DEHOTHIIA OILy-
XOJIEBBIX KJIETOK HKCIIOJIb30BAJICS HUMMYHOITUTOXH-
MUYECKHII METOJ, C MOHOKJIOHAJIbHBIMH aHTHTE-
JlaM{d TIPOTHUB AaHTUTEHOB Ki-67, p53, c-myc u
Kacmasbl-3. B KaKloM I10Jie TOACUYUTHIBATIOCh HE
MeHee 100 KJIEeTOK. YMCJIO TMO3UTHBHBIX KJIETOK
OIIPEIEIIAIIOCH 110 CJIEAYIOIIUM KPUTEPUSIM: O [TO3H-
TUBHBIX KJIETOK — OTCYTCTBHE 3KCIIPECCHUU; MeHee
25 % — HU3Kasl KCIIPECCUS; 25—50 % — CpeTHAS DKC-
npeccust; 60s1ee 50 % — BBICOKAsA HKCIIPECCHS.

CraTuCcTUYeCKUH aHAIN3 TPOBOJAUIICS C UCIIOJIb-
3oBaHueM mporpammbl  StatTech v. 3.0.6
(000 «Crarrex», Poccus). KosmnyecTBeHHBIE ITOKA-
3aTeJI OIEHUBAJIUCh HA IPEIMET COOTBETCTBUS
HOPMAaJIbHOMY PaCIIPEIEJIEHUIO C ITOMOIIBI0 KPUTe-
pus Kosmoroposa — CmupHoBa. ITockosbKy pacipe-
JleJIeHHe KOJWYECTBEHHBIX IIOKa3aTejiel oT/Imya-
JIOCh OT HOPMAaJIPHOTO, CPaBHEHHE ABYX TPYIIN IO
KOJINYECTBEHHOMY II0KA3aTe0 BBIMOJIHIIOCH C

mean age of the subjects was 54 + 14 years (95%
confidence interval (CI) 50—57). Female patients
predominated (26 (35.1%) men and 48 (64.9%)
women). Median follow-up is 4 years (1—9). At the
time of inclusion in the study, first-generation TKIs
(imatinib) were administered to 48 (64.9%)
patients, second-generation TKIs were adminis-
tered to 26 (35.1%) patients. Among second gener-
ation TKIs, nilotinib was prescribed in 11 (14.9%)
cases, dasatinib — in 11 (14.9%), and bosutinib — in
4 (5.3%) cases. The therapy allowed 50 (67.6%)
patients to achieve a major molecular response
(MMR). Determination of the disease phase and
the depth of the response was carried out in accor-
dance with the criteria of the European Leukemia
Net 2020 [4]. Achievement of MMR was stated at
BCR/ABL < 0.1%.

We determined the concentration of certain
cytokines and growth factors (TNF-a, IL-1f, IL-2,
IL-4, IL-6, IL-10, IL-17, IL-18, IFN-a and VEGF- A)
in blood serum using enzyme immunoassay (BEST
ELISA diagnostic kit, JSC Vector-Best, Russia), as
well as the level of expression of cell cycle and
apoptosis regulatory molecules (ki-67, p53 pro-
teins, caspase-3 and c-myc) in cytological smears of
the bone marrow obtained during aspiration
biopsy. To study the immunological phenotype of
tumor cells, an immunocytochemical method was
used with monoclonal antibodies against ki-67,
p53, c-myc, and caspase-3 antigens. At least
100 cells were counted in each field. The positive
cell count was determined according to the follow-
ing criteria: 0 positive cells — no expression;
<25% — low expression; 25—50% — average expres-
sion; >50% — high expression.

Statistical analysis was carried out using StatTech
v. 3.0.6 (Stattech LLC, Russia). Quantitative indica-
tors were evaluated for normal distribution using the
Kolmogorov-Smirnov test. Since the quantitative
indicators were not normally distributed, the com-
parison of two groups was performed using the
Mann-Whitney U-test. Correlation analysis between
two quantitative indicators was carried out using the
Spearman’s rank correlation coefficient.

To calculate the threshold value of the concen-
tration of cytokines, as well as the level of expres-
sion of regulatory molecules, which were used to
determine the group of favorable and unfavorable
prognosis in relation to the probability of achieving
MMR, the receiver operating characteristic (ROC)
analysis was used. The criterion for choosing the
cut-off threshold is the requirement of the maxi-
mum total sensitivity (Se) and specificity (Sp) of the
model: Cut-off = max (Se + Sp). The separating
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nomotipsio U-kputepus ManHa — YutHu. Koppensa-
[IMOHHBIN aHAJIU3 MEXK/TY JIBYMsI KOJTMY€ECTBEHHBIMHU
[IOKA3aTeJIsIMUA MPOBOJIUIICA C MOMOIIbI0 K03 du-
[IHEeHTa PAaHTOBOH Koppearuu CriupMeHa.

I BBIYMCIIEHUs] TOPOTOBOTO 3HAYEHUs KOH-
[IEHTPallMi [IUTOKHUHOB, a TAKKe YPOBHS DKCIIpec-
CHU PETryJIATOPHBIX MOJIEKYJI, C TIOMOIIbI0 KOTOPBIX
ONpeIesIsUTN TPYIIy OJIarOIPUATHOTO W HebJaro-
MPUATHOTO TMPOTHO3a B OTHOIIEHWH BEPOSTHOCTH
noctkenuss BMO, ucmosp30Bajii METO/] IIOCTpOe-
Hus ROC-kpuBbix. Kpureprem BbIOOpA mopora orce-
yenus (cut-off) B3sTo TpeboBaHME MaKCHMAaJIbHON
CyMMapHOU 4yBCTBUTEJIHHOCTH (Se) U crienuduIHo-
ctu (Sp) mozmenu: Cut-off = max (Se + Sp). Paznessi-
Iolllee 3HAYEHUWE KOJIMYECTBEHHOTO IIpU3HAKa B
Touke cut-off onmpesesnsanIoch Mo HauBBICIIIEMY 3HAUE-
Huio nHekca IOmena. KauecTBo IIKajibl OIeHUBAJIN
¢ momotpio wiomanu mox ROC-kpusoit (AUC),
BeJIMYMHA KOTOPOW B WJI€aJIbHOW MO PaBHsA-
eres 1.

PE3YJ/IBTATBI UCCJIEJOBAHUA

CpaBHUTEJIBHBIN aHAJIU3 YPOBHA SKCIPECCUU Ha
KJIeTKaX KOCTHOTO MO3Tra PEeryJIATOPHBIX MOJIEKYJI
ki-67, p53, c-myc, Kacmaspl-3 W KOHIIEHTPAIUH
OT/IeJIbHBIX IIUTOKUHOB U POCTOBBIX (pakTopoB TNF-
a, IL-1B, IL-2, IL-4, IL-6, IL-10, IL-17, IL-18, IFN-a u
VEGF-A B cpiBOpoTKe KpoBH 60s1bHBIX XMJI B 3aBU-
CHUMOCTH OT IJTyOMHBI 0TBeTa Ha Tepanuio ' TK moka-
3aJ1, YTO y TTAIUEHTOB, He Aocturmmx bBMO, otmeua-
€TCs JIOCTOBEPHO 060Jiee BBICOKUU YPOBEHbD 3KCIIPEC-
CHM Kaclasbl-3 U KOHIEHTPAIIUU ITPOBOCIATIUTEIb-
HbIX IUTOKUHOB IL-1P, IL-2, IL-6 u IL-17, a Takxe
pocroBoro daktopa VEGF-A 1o cpaBHeHUIO ¢ Tako-
BBIMHU IIOKa3aTeJIsIMU IAI[UEHTOB C JOCTUTHYTHIM
orBetoM Ha Tepanuio (BMO). B cBow ouepenp,
nocrikeHre BMO xapakTepr3oBasoch 60siee BbICO-
KAM YPOBHEM 3KCIPECCUM PEeTYJIATOPHBIX MOJIEKYJI
P53 U c-myc, a TakKe yBeJIndyeHueM KOHIIeHTpaluu
IL-10 u cHuKeHneM KoHlleHTpanuu IL-1f, IL-2, IL-6
u IL-17 (Tabu. 1).

AHan3 KOPPEIANNOHHBIX B3aUMOCBA3EH MEXIY
YPOBHEM OSKCIPECCHUU H3y4aeMbIX PeryJIATOPHBIX
MOJIEKYJI U KOHI[eHTpaIel OT/IeJIbHBIX IUTOKUHOB
[I0KA3aJI HAINYKE CTATUCTHYECKH 3HAYMMOU OTpHU-
1aTeJbHON B3aMMOCBs3H c-myc u p53 ¢ IL-2, IL-1f,
IL-17 u monoxwurenbHOU (MPAMOI) B3aWMOCBSI3HU
c-myc u p53 ¢ IL-10, a Tak:ke IpsAMOI B3aNUMOCBS3HU
MeKTy ypOBHEM Kacnaswl-3 u IL-2, IL-1f, IL-6, IL-17
U 00paTHOH B3aMMOCBS3U MEXKAY Kacmazou-3 u
IL-10 (Tabs. 2).

Taxkum obpasom, poctmkenrne BMO y 6G0IbHBIX
XMJI MOKHO ITPOTHO3UPOBATH MIPHU O0Jiee BHICOKOM
SKCIIPECCUU Ha KJIeTKaxX KOCTHOI'O MO3Ta PeryaaTop-

value of a quantitative variable at the cut-off point
was determined by the highest Youden’s index. The
quality of the scale was assessed using the area
under the ROC curve (AUC), the value of which in
the ideal model is 1.

RESULTS OF THE RESEARCH

A comparative analysis of the expression of regu-
latory molecules ki-67, p53, c-myc, caspase-3 on the
bone marrow cells and the concentration of certain
cytokines and growth factors TNF-a, IL-1f, IL-2,
IL-4, IL-6, IL-10, IL-17, IL-18, IFN-a, and VEGF-A
in the blood serum of CML patients, depending on
the depth of response to TKIs, showed that patients
who did not achieve MMR had a significantly higher
level of caspase-3 expression and concentration of
pro-inflammatory cytokines IL-1f3, IL-2, IL-6, and
IL-17, as well as growth factor VEGF-A compared
with those of patients with MMR. In turn, the
achievement of MMR was characterized by a higher
level of expression of p53 and c-myc, as well as an
increase in concentration of IL-10 and a decrease in
the concentration of IL-1p, IL-2, IL-6, and IL-17
(Table 1).

Analysis of correlation between the level of
expression of the regulatory molecules and the con-
centration of certain cytokines showed the presence
of the statistically significant negative correlation
between c-myc and p53 with IL-2, IL-1f, IL-17 and
positive (direct) correlation between c-myc and p53
with IL-10, as well as the direct correlation between
the level of caspase-3 and IL-2, IL-1f3, IL-6, IL-17 and
negative correlation between caspase-3 and IL-10
(Table 2).

Thus, the achievement of MMR in patients with
CML can be predicted with the higher expression of
regulatory molecules c-myc and p53 on the bone
marrow cells, low expression of caspase-3, and low
blood serum concentrations of IL-2, IL-1B, IL-17,
IL-6, and high concentration of IL-10, which indi-
cates the synergism of biomarkers in the pathogene-
sis of CML and its tumor progression (Table 2).

To calculate the threshold value of the cytokine
concentration, as well as the level of expression of
regulatory molecules, with the help of which the
group of favorable and unfavorable prognosis for
achieving MMR was determined, the ROC analysis
was used. Based on the results of the ROC analysis, it
was shown that the highest quality diagnostic mod-
els that predict the lack of response to TKI therapy
were obtained for cytokines IL-1p and IL-17 (Table 3).
Thus, the cut-off value for concentration of IL-1
with the highest sensitivity (86%) and specificity
(75%) was 2.5 pg/ml (AUC = 0.831, 95% CI 0.788—
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Ta6smmna 1. KoHLeHTpalus OT/Ae/IbHbIX IUTOKWUHOB B CbIBOPOTKE KPOBH U YPOBEHb 3KCIIPECCHH PETYJIATOPHBIX 6EJIKOB Ha
KJIETKaX KOCTHOTO Mo3ra y 6osbHbIX XMJI ¢ BMO u 6e3 BMO, Me (Q,-Q,)

Table 1. The concentration of certain cytokines in the blood serum and the level of expression of regulatory proteins on the
bone marrow cells in CML patients with and without MMR, Me (Q,-Q,)

BosibHbie c BMO

BosbHbIe 6e3 BMO

ShuxeRlindieaton Patients with MMR Patients without MMR p

ki-67 (%) 58 (33-63) 50 (42-56) 0.260
Kacnasa-3 / Caspase-3 (%) 18 (15-24) 28 (20-46) <0.001*
p53 (%) 7 (5-8) 2 (2-3) <0.001*
c-myc (%) 9 (6-11) 2 (1-5) <0.001*
TNF-a (ir/ma) | (pg/ml) 2.30 (1.50-4.88) 1.55 (1.00-2.93) 0.133
IL-2 (ur/ma) | (pg/ml) 0.78 (0.78-0.78) 2.00 (2.00-2.00) <0.001*
IL-1B (nr/mn) | (pg/ml) 0.88 (0.88-2.10) 4.45 (2.41-6.60) <0.001*
IL-6 (rir/mu) | (pg/ml) 2.80 (1.75-4.28) 4.75 (2.88-12.35) 0.006*
IL-18 (ur/ma) | (pg/ml) 294.25 (213.70-399.43) 252.90 (173.85-346.18) 0.265
IL-10 (ur/ma) | (pg/ml) 4.85 (2.28-6.40) 2.65 (1.82-4.75) 0.039
IL-4 (rir/ma) | (pg/ml) 3.67 (2.88-4.69) 3.80 (3.38-4.72) 0.161
IFN-o (rir/ma) | (pg/ml) 5.60 (4.00-9.80) 5.00 (5.00-10.10) 0.947
IL-17 (ur/ma) | (pg/ml) 0.70 (0.30-2.00) 4.90 (2.45-5.90) <0.001*
VEGF-A (nr/mu) | (pg/ml) 81.80 (45.20-265.40) 295.25 (205.55-442.93) 0,004*

IpumMmeuyaHnwusd.
* Pagsinuus nokasaTeJsieil CTaTUCTHYECKU 3HaYuMBlI (p < 0.05).
Note.
* Differences are statistically significant (p < 0.05).

HBIX MOJIEKYJI C-MyC U P53, HU3KOHU JKCIIpeccuu
KacIa3bl-3, a TAKXKE HU3KON KOHI[EHTPAIIUU B CHIBO-
potke kpoBu IL-2, IL-1f, IL-17, IL-6 1 BbICOKOH KOH-
neHTpanuu I1L-10, 94TO ykasplBaeT Ha CUHEPIU3M
n3yJaeMbIX OmoMapkepoB B marorenese XMJI u ero
OIIyX0JIeBOI porpeccuu (cm. TabI. 2).

JI71A BBIYKCIJIEHUSA TOPOTOBOTO 3HAYEHUA KOH-
LIeHTpallUy LUTOKUHOB, a TaKXKe YPOBHA 3KCIIpec-
CUU PeryJATOPHBIX MOJIEKYJI, C IIOMOIIBI0 KOTOPBIX
OTIPEeJIEJIsUTH TPYHILy OJIarONpUATHOrO W Hebsaro-
NIPUATHOTO IIPOTHO30B B OTHOIIEHUU BEPOATHOCTU
nocrmxeHnsa bMO, ucnosp3oBaau MeTOZ, IIOCTPOe-
Hua ROC-kpussbix. Ilo pesysbraTaM IpoBeieHHOTO
ROC-ananusa 6bUI0 OKa3aHO, UTO HauboJjiee Kaue-
CTBEHHBbIE JAMArHOCTHUYEeCKHe MOJEsH, II03BOJIAIO-

XMA - xpoHHYeCcKUH MuesoJieiiko3; BMO - 60J1bII0N MOJIEKY/ISIPHBIN OTBET.

CML - chronic myeloid leukemia; MMR - major molecular response.

0.952, p < 0.001), the cut-off for IL-17 concentration
with the highest sensitivity (82.4%) and specificity
(78.9%) was 2.3 pg/ml (AUC = 0.879, 95% CI 0.836—
0.995, p < 0.001). Determination of the prognostic
value of IL-2 concentration, despite a high quality of
the model and high sensitivity, was characterized by
a low specificity. Among regulatory molecules, the
level of p53 and c-myc expression showed the high-
est prognostic value. The cut-off level of p53 expres-
sion with the highest sensitivity (90%) and specific-
ity (95%) was 4% (AUC = 0.947, 95% CI 0.898-
0.997, p < 0.001). The cut-off for the c-myc expression
with the highest sensitivity (84%) and specificity
(85%) was 6.0% (AUC = 0.920,95% CI 0.858—0.983,
P < 0.001) (see Table 3).

Ta6smmna 2. KoppesisiiioHHbIE B3aUMOCBSI3U MEX/y YPOBHEM 3KCIIPECCUU PETYISTOPHBIX OEJIKOB Ha KJIeTKaX
KOCTHOT'0 MO3Ta U KOHI|eHTpaliel IUTOKUHOB B CIBOPOTKE KPOBU 60JIbHBIX XPOHHUYECKIM MUEJI0eHK030M

Table 2. Correlations between the expression level of regulatory proteins on the bone marrow cells and the blood serum
concentration of cytokines in patients with chronic myeloid leukemia

IL-1B IL-2 IL-6 IL-10 IL-17

ki-67 rs=0.262 - rs=0.241 rs =-0.164 -
p=0.029 p<0.001 p<0.001

c-myc rs =-0.555 rs =-0.660 rs =-0,241 rs =0.626 rs =-0.623
p<0.001 p<0.001 p=0.045 p<0.001 p<0.001

p53 rs =-0.575 rs =-0,705 rs =-0.254 rs =0.651 rs =-0.742
p<0.001 p<0.001 p=0.034 p<0.001 p<0.001

Kacmaza-3 rs = 0.546 rs=0.474 rs =0.407 rs =-0.623 rs=0.563

Caspase-3 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
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Taﬁjmua 3. MO,ELeJII/IpOBaHl/Ie BEPOATHOCTH AOCTUXKEHUA 60JIbIIOTO MOJIEKYJIAPDHOI'O OTBETA B 3aBUCUMOCTH OT YPOBHA
SKCIIPECCHUH PETryJIATOPHBIX 0eJIKOB Ha KJIeTKaX KOCTHOI'0 MO3ra u KOHUEHTPpAalU TUTOKUHOB B CbIBOPOTKE KPOBHU Y

GOJIbHBIX XpOHHU4YECKUM MUEJI0JIeHKO30M

Table 3. Modeling the probability of achieving a major molecular response depending on the level of expression of regulatory
proteins on the bone marrow cells and the blood serum concentration of cytokines in patients with chronic myeloid leukemia

LIMTOKHMHBI, Inomaab

Iloporossie

- o YyBcTBU-
pery/isiTopHble MOJIEKY/Ibl N0 KPUBOM 3Ha4YeHHA TeLHOCT / CnenuduyHOCTh/
Cytokines, regulatory Areaunder the P Threshold Sensitivity (%) Specificity (%)
molecules curve values* ty (%o
IL-2 0.803 <0.001 2.0 98.0 62.5
IL-18 0.831 <0.001 2.5 86.0 75.0
IL-17 0.879 <0.001 2.3 82.4 78.9
Kacnaza-3 / Caspase-3 0.802 <0.001 22.0 68.0 70.0
p53 0.947 <0.001 4.0 90.0 95.0
c-myc 0.920 <0.001 6.0 84.0 85.0

IpumMmedyaHnwusd.

3HaveHus mowaAu noj Kpupoi: 0.9-1 - otinyHoe KadecTBO Mogeu; 0.8-0.9 - o4eHb Xopoliee Ka4eCTBO MOJIeH;

0.7-0.8 - xopouee kauectBo Mogeny; 0.6-0.7 - cpeiHee kKadecTBO Mogesy; 0.5-0.6 — HeyJOBIETBOPUTENBHOE KAYEeCTBO MOJEJIH.
* EauHunbl usmepenus ans IL-2, IL-1f, IL-17 - nr/mut; Ans kacnassl-3, p53, c-myc - %.

Note.

Area under the curve values: 0.9-1 - excellent quality of a model; 0.8-0.9 - highest quality of a model; 0.7-0.8 - high quality of a

model; 0.6-0.7 - moderate quality of a model; 0.5-0.6 - unsatisfactory quality of a model.

* Units for IL-2, IL-1B, IL-17 - pg/ml; for caspase-3, p53, c-myc - %.

e MPOTHO3UPOBATh OTCYTCTBHE OTBETA Ha Tepa-
nuto UTK, 6bUTH HOJIy4Y€eHbl 111 TUTOKUHOB IL-1 u
IL-17 (Tab:. 3). Tak, onTHMAaJIbHASA TOUKA OTCEYEHUS
(cut-off) m1st 3HaUeHUst KOHIeHTpauu IL-1P ¢ Hau-
BBICIIIEA YYBCTBUTEJIHLHOCTHIO (86 %) u cnenumpuy-
HoCThIO (75 %) cocraBuia 2.5 rr/mia (AUC = 0.831,
95% 11 0.788-0.952, p < 0.001), cut-off 111 3HAUE-
HUA KOHIeHTpanuu [L-17 ¢ HaWBBICIIEH YyBCTBH-
TeJIbHOCThIO (82.4 %) u crenududHOCTHIO (78.9 %)
cocrapua 2.3 rr/mi (AUC = 0.879, 95% /111 0.836—
0.995, p < 0.001). Ompe/iesieHNEe TPOTHOCTUYECKOTO
3HAYeHUs KOHIleHTparuu IL-2, HecMOTps Ha OYeHb
XOpoIllee KayecTBO MOJIEJIM U BBICOKYIO UyBCTBU-
TEJIbHOCTbh, XapaKTEPU30BAJIOCh HU3KOU cIieruduy-
HocThbi0. Cpefii PETYJIATOPHBIX MOJIEKYJ HaubOJIb-
Y0 MPOTHOCTUYECKYIO 3HAUMMOCTbD ITOKA3aJIk ypO-
BeHb 2KcIpeccuu p53 u c-myc. Cut-off mis 3Haue-
HUA CTEIEeHU SKCIPECCHU P53 C HAWBBICIIEH UyB-
CTBUTEJILHOCTHIO (90 %) U crieruuaHOCThIO (95 %)
cocraBuia 4 % (AUC = 0.947, 95% /111 0.898-0.997,
P < 0.001). Cut-off 1151 3HaUEeHU SKCIIPECCUH C-MYC
¢ HaWBBICIIEH YyBCTBUTEIBHOCTBIO (84 %) U crienu-
¢uunOCTEIO (85 %) cocraBuia 6.0 % (AUC = 0.920,
95% U 0.858-0.983, p < 0.001) (cMm. TabI1. 3).

Takum obpazom, pocrmkenue BMO Gosee
BEPOSITHO TPU JOCTHKEHUM KOHIeHTparui IL-10
< 2.5 nr/ma u IL-17 < 2.3 1Ir/MJI ¥ yPOBHS DKCIIpec-
cum p53 > 4 % u c-myc > 6 % COOTBETCTBEHHO.

OBCYXXJIEHHNE

B paszButum pesucrentHoctu k UTK ydacTtByer
MHO>KeCTBO MEXaHU3MOB, CBA3aHHBIX KaK ¢ MyTaIll-

Thus, the achievement of MMR is more likely at
the concentration of IL-1f < 2.5 pg/ml and
IL-17 < 2.3 pg/ml, and the level of p53 expression
> 4% and c-myc > 6%, respectively.

DISCUSSION

Many mechanisms are involved in the develop-
ment of resistance to TKIs, both associated with
mutations in the chimeric BCR/ABL gene and inde-
pendent of BCR/ABL mutations [4].

Currently, it is now known that regulatory signals
coming from microenvironment cells play an impor-
tant role in the survival of cancer progenitor cells.
Cytokines, which are a key link in signaling between
cells, act at all stages of leukemogenesis and also
allow CML leukemic stem cells to persist in the set-
ting of long-term targeted therapy [2].

It is known that at the onset of the disease, an
increase in secretion of pro-inflammatory cytokines
contributes to tumor progression, creating favorable
conditions for proliferation of tumor cells. Later,
during the course of the disease, the contribution of
cytokines to the development of resistance to ther-
apy increases [5].

The results of this study showed that the lack of
an adequate response to therapy and failure to
achieve MMR is characterized by a statistically sig-
nificant increase in the blood serum concentration of
certain pro-inflammatory cytokines and growth fac-
tors (IL-1p, IL-2, IL-17, IL-6 and VEGF- A) compared
with those in patients with MMR which indicates the
prognostic value of these biomarkers in predicting
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sAMu xuMepHoro reHa BCR/ABL, Tak U He3aBUCH-
MbIX oT myTtanuit BCR/ABL [4].

B Hacros1Iee BpeMs U3BECTHO, UTO BAXKHYIO POJIb
B BBDKHBAHHUU OILYXOJIEBBIX KJIETOK-IIPEAIIECTBEH-
HHUKOB UTPAIOT PETYJISITOPHBIE CUTHAJIBI, TIOCTYIIAI0-
mue OT KJIEeTOK MUKPOOKpy>KeHusA. IIUTOKUHBI,
SIBJIAIONINECS KII0UEBbIM 3B€HOM B [Iepe/iave CUTHA-
JIOB MEXy KJIETKaMU, JEHCTBYIOT Ha BCEX JTamax
JlelikeMOreHe3a, a TakXKe IMI03BOJIAIOT IIEPCUCTUPO-
BaTh JIEHKEMUYECKUM CTBOJIOBHIM KyieTkaM XMJI Ha
(oHe MHOTOJIETHEH TapreTHOU Tepamnuu [2].

N3BecTHO, uTO B /1e610Te 3200JI€BAaHMUS TTOBBIIIIE-
HHUE CEeKpelWH IIPOBOCIINTENBHBIX IUTOKHHOB
CII0COOCTBYET MPOTPECCUU 3JI0KAUECTBEHHOTO IIPO-
mecca, cos/iaBasi 6JIarONPUATHBIE YCJIOBHSA JIJIS TIPO-
sudepanun OIyxoJeBhIX KIETOK. B mangpHelinem, B
XO7le €CTECTBEHHOTO TeueHus 3a60JieBaHUsI BO3pac-
TaeT BKJIa/] HIUTOKUMHOB B Pa3BUTHE PE3UCTEHTHOCTU
K Tepanuu [5].

PesysibTaTaMu HACTOSIIIIETO HCCJIEIOBAHUSA OBLIO
IIOKAa3aHO, YTO OTCYTCTBHE ONTHUMAJIBHOI'O OTBeTa Ha
Tepanuio u He jocTikeHre BMO xapakrepusyetcs
CTATUCTUYECKH 3HAYMMBIM YBEJIMYEHUEM B CHIBO-
POTKe KpOBU OOJIBHBIX KOHIIEHTPAIIUU OTAEJIbHBIX
IIPOBOCIIAJIUTETHHBIX IIUTOKIMHOB B POCTOBBIX (DAKTO-
pos (IL-1B, IL-2, IL-17, IL-6 u VEGF-A) no cpasue-
HUIO C TAKOBBIM y mareHToB ¢ BMO, uTo yka3biBaeT
Ha IIPOTHOCTHYECKOE 3HAaUeHHe JAaHHBIX OHOMapke-
POB B IPOTHO3UPOBAHHUH JIOCTIKEHHUS OTBETa Ha
tepanuio UTK. IlosydeHHBIE pe3ysbTaThl COTJIACY-
I0TCS € JAHHBIMU JINTEPATYPBI, CBUJETEIHCTBYIO-
MU 00 YBEJIMUEHUU KOHI[EHTPAIMK ITUTOKUHOB
MIPOBOCIIAJINTEJIBHOTO CIIEKTPA U OT/AEJIBHBIX POCTO-
BbIX hakTopoB (IL-10, IL-6, VEGF-A) cpenu 60/IbHBIX,
pesucteHTHBIX K Tepanuu UTK [6—8]. B emnHUUHBIX
paboTax omricaHa HeGJIATOIPUATHAS POJIb BBICOKOTO
ypoBHs I1.-17 v GOJIBHBIX C JIEHKO3aMH, KOPPEJIUPYIO-
mas ¢ XyAIIMMU T0Ka3aTeIsIMU BbIKHUBAEMOCTH [9].
[Ipu coMMAHBIX OIyXOJIsIX OBLIO MOKa3aHo, uTo IL-17
unaynupyet cunte3 VEGF, koHIIeHTpaIus KOTOPOTo
Takke ObLIA TIOBBIIIEHA y peppakTepHbIX GOTBHBIX, U
YCHUJIMBAEeT aHTHOTeHe3 OIyX0JIH [10].

Konnenrpamusa IL-10, Haobopor, ObLIa 0OCTO-
BEPHO BHIIIE cpean O0bHBIX, octurinux bBMO. Ha
OCHOBAHUMU Pe3yJIbTATOB MHOTOUUCIIEHHBIX HCCIIEI0-
BaHUH, TOCBSAIIEHHBIX U3YYeHUIO pou I11-10 B KaH-
I[eporeHese, K HACTOAIIEMY BPEMEHH U3BECTHO, UTO
IL-10 nipu pasInYHBIX BAPDUAHTAX 3JI0KAYE€CTBEHHBIX
HOBOOOpa30BaHHUI MOKET ITPOSIBJIATD KaK IIPO-, TAK U
aHTUOHKOTeHHbIe cBoMcrBa [11]. Tak, B mcciaemoBa-
uuu G. Gerlini et al. 66110 TOKa3aHo, uTo IL-10, ABJIS-
SICh CaMBIM MOIIHBIM ITPOTHBOBOCIIINTEIbHBIM
[IIUTOKUHOM, MOXKET HHTHMOUPOBATH CEKPEIHIO IIPO-
BOCHAJIUTEJIBHBIX IIUTOKMHOB U CHIKATh DJKCIIpec-

the achievement of response to TKI therapy. The
results obtained are consistent with the literature
data indicating an increase in the pro-inflammatory
cytokine concentration and certain growth factors
(IL-1B, IL-6, VEGF-A) among patients resistant to
TKI therapy [6—8]. A few studies describe the unfa-
vorable influence of IL-17 high levels in patients with
leukemia, which correlates with the worse survival
rates [9]. In solid tumors, it was shown that IL-17
induces the synthesis of VEGF, concentration of
which was also increased in patients who are refrac-
tory to therapy, and enhances tumor angioge-
nesis [10].

The concentration of IL-10, on the contrary,
was significantly higher among patients who
achieved MMR. Based on the results of numerous
studies on the role of IL-10 in carcinogenesis, it is
now known that IL-10 can exhibit both pro- and
anti-oncogenic properties in various types of
malignant neoplasms [11]. So, in the study by Ger-
lini et al. it was shown that IL-10, being the most
powerful anti-inflammatory cytokine, can inhibit
secretion of pro-inflammatory cytokines and
reduce expression of the major histocompatibility
complex (MHC) class I proteins by tumor cells,
thereby increasing their sensitivity to the cytotoxic
effect of natural killers and slowing down the
growth of a tumor clone [12].

In the present study, the increased concentration
of IL-10 in patients with MMR can be considered as
a compensatory reaction, which indicates an anti-
oncogenic effect and allows it to be used as a bio-
marker for achieving an objective tumor response to
TKI therapy.

When evaluating the level of the bone marrow
expression of proteins that regulate cell cycle, it was
shown that the CML patients who did not achieve
MMR are characterized by a significantly low
expression of p53 and c-myc proteins on the bone
marrow cells, but have a higher level of caspase-3
expression compared to patients who achieved
MMR. This fact may be explained by the literature
data according to which CML patients with consti-
tutionally active BCR/ABL tyrosine kinase are char-
acterized by activation of MDM2 protein, which is a
p53 antagonist. Suppression of the p53 activity by
MDM2 protein leads to a blockade of apoptosis and
excessive proliferation of tumor cells [13]. The
results of other studies confirm that the suppres-
sion of functional activity of p53 is associated with
the progression of CML, as well as the development
of resistance to TKIs [14]. In addition, it was shown
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cuio OeJIKOB IJIaBHOTO KOMILIEKCA THCTOCOBMECTH-
moctu (MHC) I kacca omyxoJieBbIMU KJIETKAMH, 32
CUET Yero MOBBIIIAETCS UX UYBCTBUTEIHHOCTD K ITUTO-
TOKCHYECKOMY BJIMSTHUIO HATYPAJIbHBIX KUJLJIEPOB U
3aMeJIJIsIETCS POCT OIyXOJIEBOTO KJIOHA [12].

B HacrosiieM HCCIeOBAaHUN YBEJIUYEHHE KOH-
nenTtparuu [L-10 y marueHToB ¢ goctmxrenrneMm bBMO
MOXKHO paccMaTPUBATh KaK KOMIIEHCATOPHYIO peakK-
[IUI0, YTO CBUETEJbCTBYET 00 aHTHUOHKOTEHHOM
BJIMSTHUH U TIO3BOJISIET UCIIOJIB30BATh €70 B KAUECTBE
OroMapKepa JOCTHKEeHUsI 00OBEKTHBHOIO OTBETA HA
tepanuio UTK.

ITpu o11eHKe YPOBHSA KCIPECCUN B KOCTHOM MO3Te
OEJIKOB, PEryJUPYIONINX KJIETOYHBIH ITUKJ, IOKa-
3aHO, uTo 601pHBIEe XMJI, He nocturirie BMO, xapak-
TEPUBYIOTCSI CTATHCTUYECKH 3HAUYMMO HU3KOH DKC-
Ipeccrer Ha KJIETKAaX KOCTHOTO MO3ra 0eska p53
c-myc, HO 06ojiee BBICOKMM YPOBHEM SKCIIPECCHH
KacIia3pl-3 [0 CPAaBHEHUIO C IAIMEHTaMH, J[OCTHT-
IIUMU HawIydinero oreera Ha Tepamnuio UTK (BMO).
O0bsicHeHHEM JAaHHOTO GaKTa MOTYT OBITH JIAHHbBIE
JINTEpaTyphl, COTJIACHO KOTOPBIM OGosibHbIe XMJI ¢
KOHCTUTYITUOHAJIbHO akTuBHOU BCR/ABL-THpO3WH-
KHUHA30M XapaKTEepPU3yIOTCS aKTHUBaluel OeJsika
MDM2, asismomnierocsa antaronucroM p53. [lozgasite-
HHE aKTUBHOCTH p53 Oenxom MDM2 mpuBoauT K
6JIOKY amorTo3a U U30BITOUHOH TposTHdepaIuu oIry-
XOJIEBBIX KJIETOK [13]. Pe3ysibTaThl APYTHX KCCIIET0BA-
HUU IOATBEPIK/IAIOT, UTO HOZaBIeHIe QYHKITNOHAb-
HOH aKTHUBHOCTH P53 COMPSIKEHO C IPOTPECCHPOBA-
HueM XMJI, a Tak:ke pa3BUTHEM DPE3UCTEHTHOCTH K
NTK [14]. Kpome Toro, 6HI0 TOKa3aHO, YTO OJIOKA/IA
MDMz2, npuBojAias K IOBBIIIEHUIO AKTUBHOCTU
P53, IOBBIIIAET YYBCTBUTEILHOCTD KYJIBTYD KJIETOK K
UTK u crocobeTByeT 6ojtee TIyOOKOU SpajuKaIiuu
JIEMKEMUYECKIX CTBOJIOBBIX Ky1eTok XMJI [15].

C-myc — TpaHCKPHUIIIIMOHHBIA (HaKTOP, KOTOPBIH
CTHUMYJIUPYeT MpoiudepaTUBHYI0 aKTUBHOCTD OILy-
XOJIEBBIX KJIETOK, MHTUOUPYET UX aIlONTO3, PETYIIU-
pyer Merabou3M, CIOCOOCTBYeT AHTHOTEHe3y U
(opMUPOBAaHUIO KJIETOK-IIPEIECTBEHHUKOB OILy-
X071 [16]. MHOTHE pabOThI CBUETENTHCTBYIOT O TOM,
YTO BBICOKUH YPOBEHb HKCIIPECCHH C-MYC aCCOIUU-
POBaH € XyAIINM IIPOTHO30M IIPH 3JI0KaYeCTBEHHBIX
HOBoOOpazoBanusx. [Ipu XMJI takxke ObLIO TOKa-
3aHO, YTO THUIEPIKCIPECCUS C-MYC CONpsDKEHA C
nporpeccupoBanreM XMJI B GJIaCTHBIN KPH3 U Xy~
KM OTBeTOM Ha uMaTuHuO [17]. OgHako Hamu
[IOJTyYeHbl TTPOTUBOPEUNBBIE JTAHHBIE, CBUJIETEIb-
CTBYIOIIIIE O CTATUCTUYECKH 3HAYMMO HHU3KOM
VPOBHE DSKCIIPECCUU C-MyC cpenu OOJIBHBIX, He
mocrurmux BMO, uro, BepoATHO, 06YCIOBJIEHO
OOJIPIITUM KOJIMYECTBOM ITOKOAIIUXCS KJIETOK BHE
KJIETOYHOTO INKJIA, IJIs1 KOTOPBIX XapaKTepeH MUHU-

that the blockade of MDM2, which leads to the p53
activation, increases the sensitivity of cell lines to
TKIs and favors deeper eradication of CML leuke-
mic stem cells [15].

C-myc is a transcription factor that stimulates
the proliferative activity of tumor cells, inhibits
their apoptosis, regulates metabolism, promotes
angiogenesis and the formation of tumor progeni-
tor cells [16]. Many works indicate that a high level
of c-myc expression is associated with a worse
prognosis in malignant neoplasms. In CML, c-myc
overexpression has also been shown to be associ-
ated with CML progression during blast crisis and
worse response to imatinib [17]. However, we have
obtained contradictory results indicating a signifi-
cantly low level of the c-myc expression among
patients who did not achieve MMR, which is prob-
ably due to a large number of out-of-cycle quies-
cent cells which are characterized by a minimum
level of c-myc nuclear expression [18]. The para-
doxical pro-oncogenic potential for decreased
c-myc expression has been described in several
studies which showed that a low level of protein
maintains the proliferative activity of tumor cells,
and when its expression thresholds levels are
reached, pro-apoptotic molecules that trigger cell
death are activated [19, 20]. Ji et al. showed that a
low level of c-myc expression in hepatocellular car-
cinoma was associated with the worse survival
rates compared to patients with a high level of
expression [21].

In our study, the level of expression of caspase-3,
the executioner caspase, that combines both intrin-
sic and extrinsic apoptotic pathways, turned out to
be significantly higher among patients without
MMR, which is consistent with the literature data
and indicates a predominantly pro-oncogenic effect
of this regulatory protein in CML [22].

In the literature, the opinions on the prognostic
role of caspase-3 expression are contradictory. Pre-
viously, it was believed that a high level of caspase-3
in malignant neoplasms is an indicator of the effec-
tiveness of anticancer therapy, demonstrating an
increase in apoptosis of tumor cells. However, some
studies indicate that in some variants of malignant
neoplasms, a high level of procaspase-3 or its active
form, caspase-3 is associated with an unfavorable
prognosis of the disease [22, 23]. The definite
mechanism of the pro-oncogenic effect of caspase
remains unclear. It is assumed that a high level of
caspase-3 enhances tumor angiogenesis in response
to apoptosis, and also promotes genomic rear-
rangements and, thus, promotes the tumor pro-
gression [22].
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MaJTBHBIH YPOBEHb SAEPHOU dKcIpeccuu c-myc [18].
ITapasioKkcaJIbHBI  TPOOHKOTEHHBIA  IOTEHITHA
CHIKEHHUS SKCIIPECCUH C-MYC OMKUCAH B HECKOJIBKHIX
paborax, pe3ysIbTaThl KOTOPBIX TOKA3aJIH, UTO HU3-
KUU ypOBEHD OeJIKA MMOJIEPKUBAET ITPOTHU(EPATHB-
HYI0 aKTUBHOCTbH OITyXOJIEBBIX KJIETOK, a IPHU JOCTH-
JKEHHUU IOPOTOBBIX 3HAUEHUH €ro 9KCIIPECCUH aKTHU-
BUPYIOTCSA [IPOATIONTUYECKIE MOJIEKYJIBI, 3aITyCKAl0-
e rubesib KieTok [19, 20]. B pa6ore F. Ji et al.
HU3KUH YPOBEHB HKCIIPECCUU C-MYC IIPU TelaToIe-
JTIIOJIAPHON KapIMHOME OBLJI acCOIMUPOBAH C XY/I-
UMM TTOKA3aTeIsIMU BBIKHUBAEMOCTH IO CpaBHe-
HUIO ¢ GOJIBHBIMH C BBICOKMM YPOBHEM BSKCIIpec-
cuu [21].

VpoBeHb BKCIpeccuu Kacmasbl-3, 3GhdeKTOpHOH
Kacrasbl, OObeIUHSAIONIEN BHYTPEHHUN W BHEITHHI
IyTH alloNTo3a, B HAIlEM HCCJIEZOBAHUN OKA3aJICs
CTaTHUCTUYECKU 3HAYUMO BBIIIE Cpeu OOJIBHBIX 6e3
BMO, uTo corsacyeTcs ¢ JaHHBIMY JIATEPATYPhI U yKa-
3pIBa€T HA IPEUMYILECTBEHHO ITPOOHKOTE€HHBIH
addeKT AaHHOTO pery iaTopHoro Oeska mpu XMJI [22].

B siuTepartype MHEHUS O MPOTHOCTUYECKON POJIH
SKCIIPECCHH Kaclasbl-3 IPOTHUBOPEUYUBHL. PaHee
CUHUTAJIOCh, YTO BBHICOKUI YPOBEHb Kaclasbl-3 IIPHU
3JI0KAYECTBEHHBIX HOBOOODPA30BAHUAX  SIBJISETCS
uHAUKaTOpoM 5GGEKTUBHOCTH IIPOTUBOOITyX0JIe-
BOH Tepamnuu, JeMOHCTPUPYIOIINM YCUJIEHHE IIPO-
Ilecca amoITo3a OMyX0JIEBBIX KJIeTOK. OHAKO YacTh
HCCIIeIOBAHUH CBUJIETETBCTBYET O TOM, UTO IIPHU
HEKOTOPBIX BapUaHTaxX 3JI0KAUeCTBEHHBIX HOBOOO-
pa3oBaHUM BBICOKUU YPOBEHb IPOKACIAa3bl-3 WIH
€ro axTUBHOU (OPMBI Kacmasbl-3 COIpsDKEH C
HeOJIaTONPUATHBIM IPOTHO30M 3aboJieBaHusA [22,
23]. TouHbIl MeXaHU3M IIPOOHKOTEHHOTO 3 deKrTa
Kacmassl ocTaeTrcsi HesscHbIM. [Ipezmosiaraercs, 4To
BBICOKUII YPOBEHBb KacIasbl-3 YCHJIUBAET aHTHOTe-
He3 OITyXOJIM B OTBET HA aIlONTO3, 4 TAKXKe CIOCo0-
CTByeT FeHOMHBIM IEPECTPOHKaM U, TaKUM 00pa-
30M, CIIOCOOCTBYET IPOTPECCUPOBAHUIO OITyXOJIe-
BOTO IIpoIiecca [22].

Takum 06pazoM, ITUTOXUMUYECKOE HCCIIeI0Ba-
HUE DKCIPECCHU PETYJISSTOPHBIX MOJIEKYJT P53,
c-myCc ¥ Kacmasbl-3 SBJAETCSI IOTEHI[UATHHO
[IOJIE3HBIM HHCTPYMEHTOM, IIO3BOJISIONIUM IIpO-
rHO3UpPOBaTh 3G(PEKTUBHOCTD Tepanmuu OOJIbHBIX
XMJI. Haubosiblliee TPOTHOCTUYECKOE 3HAUEHHE B
OTHOIIIEHUU TMpeJicka3aHus JocTukeHus BMO
MMeeT UCCIJIe/IOBAHNE YPOBHS DKCIIPECCUH HA KJIET-
KaX KOCTHOTO MO3Ta PETryIATOPHBIX MOJIEKYTI P53 U
c-myc, obJrafaoImux HauboIbIIEeH YyBCTBUTEIHHO-
cThio U cnenuduyHocThio B ROC-ananuze. OpHaKo
B peaJIbHOM KJIMHUYECKOHN IpaKTUKe IIpOBe/leHUe
IATOXUMHUYECKUX HCCaeA0BaHuNl 00sIbHBIM XMJI
He BCer/ia BO3MOKHO.

Thus, a cytochemical study of expression of regu-
latory molecules p53, c-myc, and caspase-3 is a
potentially useful tool to predict the effectiveness of
therapy in patients with CML. The greatest prognos-
tic value for the achievement of MMR has a study of
the expression level of regulatory molecules p53 and
c-myc, which have the highest sensitivity and speci-
ficity in ROC analysis, on the bone marrow cells.
However, in real-life clinical practice, it is not always
possible to conduct cytochemical studies in patients
with CML.

The literature data indicate the impact of cyto-
kine imbalance on the level of expression of regula-
tory proteins. Thus, it was shown that enhanced
secretion of IL-1p and IL-17 in patients with malig-
nant neoplasms suppresses the p53 expression and,
thus, promotes the tumor progression and develop-
ment of resistance to therapy [24, 25]. Liu et al. it
has been shown that pro-inflammatory signals
inhibit the c-myc expression, although other works
indicate that a number of cytokines, on the contrary,
stimulate the expression of c-myc [26]. The results
of our study revealed the presence of a statistically
significant negative correlation between the level of
expression of p53 and c-myc proteins in the bone
marrow and the blood serum concentration of IL-13
and IL-17 in CML patients, which confirms the abil-
ity of these pro-inflammatory cytokines to down-
regulate the expression of p53 and c-myc in tumor
cells and thereby contribute to their long-term per-
sistence even in the setting of years-long targeted
therapy.

CONCLUSION

The search for new prognostic biomarkers of
treatment failure is important to improve under-
standing of the molecular mechanisms of resis-
tance to TKIs. The study demonstrated that CML
patients who did not achieve MMR are character-
ized by a significantly lower level of p53 and c-myc
expression in the bone marrow but a higher level of
caspase-3 which probably reflects the inhibition of
the TKI-induced apoptosis of tumor cells. In addi-
tion, the level of expression of regulatory molecules
correlated with the blood serum concentration of
pro-inflammatory cytokines, which, in our opin-
ion, has diagnostic and prognostic value. Deter-
mining the concentration of IL-1 and IL-17 in
CML patients may be a useful tool for the early
identification of individuals not responding to TKI
therapy.
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JlureparypHble JaHHBIE CBUAETEIBCTBYIOT O BJIH-
SHUY IIUTOKWMHOBOTO JucOasaHCca HA YPOBEHb DKC-
[IPECCUU DEryJIATOPHBIX OeskoB. Tak, ObUIO IOKa-
3aHO, uTO rurnepcekpenus 1L-1 u IL-17 y 6071pHbIX
3JI0KAYECTBEHHBIMI HOBOOODA30BaHUAMH IIOZA-
BJISIET DKCIIPECCUIO P53 U, TAKUM 00pa3oM, Crocob-
CTBYeT IIPOIPECCHPOBAHUIO 3JI0KAYECTBEHHOTO IIPO-
Ilecca ¥ pa3BUTHIO PE3UCTEHTHOCTH K Tepanuu [24,
25]. B pa6ote L. Liu et al. mokasano, yTo nmpoBocma-
JINTENbHBIE CHUTHAJIBl IIOJIABJIAIOT  HKCIIPECCHIO
c-myc, XOTs APyTHEe pabOThI CBHIETEIHCTBYIOT O TOM,
YTO P UTOKUHOB, HA00OPOT, CTUMYJIUPYIOT HKC-
mpeccuro c-myc [26]. PesynbpraThl HACTOSIIETO
HCC/IeIOBAaHUSA BBIABWIN HAJIWYNE CTATHCTUYECKH
3HAYUMOU OOpaTHOM KOPPEJIAIHUOHHOW B3aMMOC-
BA3H MEKy YPOBHEM KCIIPECCUH B KOCTHOM MO3Te
6esIKOB P53, c-myc u KoHreHTparueii IL-10 u IL-17 B
CBIBOPOTKE KPOBU OOBHBIX XMJI, UTO IOJITBEPIK-
ZlaeT criocOOHOCTh YKa3aHHBIX ITPOBOCIIAIUTETHHBIX
IUTOKMHOB IOJABJIATH HKCIIPECCUIO P53 U c-MyC Ha
OIIyXOJIEBBIX KJIETKAX U TEM CaMBIM CIIOCOOCTBOBATH
VX JITUTEIPHOMY IIEPCHCTHPOBAHUIO JlaXKe Ha QoHe
MHOTOJIETHEH TapTETHOUN TepaInH.

CIIMCOK JIUTEPATYPBI

1. Cortes J., Lang F. Third-line therapy for chronic
myeloid leukemia: current status and future direc-
tions // J. Hematol. Oncol. 2021;14(1):44. DOL:
10.1186/513045-021-01055-9.

2. Zhang B., Ho Y.W., Huang Q. et al. Altered microen-
vironmental regulation of leukemic and normal stem
cells in chronic myelogenous leukemia // Cancer Cell.
2012;21(4):577-592. DOI: 10.1016/j.ccr.2012.02.018.

3. Malireddi R.K.S., Karki R., Sundaram B. et al. Inflam-
matory cell death, PANoptosis, mediated by cytokines
in diverse cancer lineages inhibits tumor growth //
Immunohorizons. 2021;5(7):568-580. DOI: 10.4049/
immunohorizons.2100059.

4. Hochhaus A., Baccarani M., Silver R.T. et al. European
LeukemiaNet 2020 recommendations for treating
chronic myeloid leukemia // Leukemia. 2020;34:966-
984. DOI: 10.1038/541375-020-0776-2.

5. Harrington P., Dillon R., Radia D. et al. Chronic
myeloid leukaemia patients at diagnosis and resistant
to tyrosine kinase inhibitor therapy display exhausted
T-cell phenotype // Br. J. Haematol. 2022;198(6):1011-
1015. DOI: 10.1111/bjh.18302.

6. Lee C.R., Kang J.A., Kim H.E. et al. Secretion of IL-13
from imatinib-resistant chronic myeloid leukemia cells
contributes to BCR-ABL mutation-independent ima-
tinib resistance // FEBS Lett. 2016;590(3):358-368.
DOI: 10.1002/1873-3468.12057.

7. Nievergall E., Reynolds J., Kok C.H. et al. TGF-a and
IL-6 plasma levels selectively identify CML patients
who fail to achieve an early molecular response or
progress in the first year of therapy // Leukemia.
2016;3(6):1263-1272. DOI: 10.1038/1eu.2016.34.

SAK/IIOYUEHWE

ITorck HOBBIX HPOTHOCTHUYECKUX MapKepoB
HeaDDEKTUBHOCTH TEPAIUU ABJIAETCH BRKHBIM JIJI
YJIydIlIeHUs ITOHUMaHUs MOJIEKYJIIDHBIX MEXaHU3-
MoB passutusa peszucreHTHocTH K UTK. IIpoBenen-
HOE UCCIIeZI0BaHUE TPOJIEMOHCTPUPOBAIIO, UTO OOJTb-
Hbele XMJI, He mocturmrie bMO, xapakTepusyoTrcs
JIOCTOBEPHO 00JIee HU3KUM YPOBHEM 3KCIPECCHUH B
KOCTHOM MO3Te P53 U c-myc, HO Oojiee BBICOKMM
YPOBHEM Kacmnasbl-3, YTO, BEPOATHO, OTpaXKaeT
nHrubupoBanue UTK-uHAynIMpOBaHHOTO amonTo3a
OITyX0JIEBBIX KJIETOK. KpoMe TOrO, ypoBeHB 3KcIpec-
CHM PEryJIATOPHBIX MOJIEKYJI KOPPEJIUPOBaJ ¢ KOH-
LleHTpanuel B CbIBOPOTKe KPOBU ITPOBOCHATIUTENb-
HBIX [IUTOKWHOB, UTO, [0 HalleMy MHEHHIO, NMeeT
JIMarHOCTUYECKYI0 U IIPOTHOCTUYECKYIO II€HHOCTb.
Ounpenenenve koHrentpamnuii I1L-13 u IL-17 y 6016~
HBIX XMJI MOKeT ABJATHCA MOJEe3HBIM HUHCTPYMEH-
TOM /IJIs1 PAHHETO BBISBJIEHUS JIUIL C HEyZauel Tepa-
muu UTK.

KoH@uaukT mHTEpECOB. ABTOPHI 3agBJISIOT 00
OTCYTCTBUU KOH(JINKTA HHTEPECOB.
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