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PestoMe. Yxon atunuunbix miazmatudyeckux kiietok (ITK) mM3-mog uMMyHHOTO Haa3opa MpuU MHOXE-
cTBeHHOU muenome (MM) onocpenoBaH pa3HOOOPa3HBIMU MEXaHU3MaMU, CPEIU KOTOPBIX CYIIECTBEH-
HbI€ POJIM UTPAIOT UHAYKIUS T-KJI€TOYHOTO UCTOLIEHUS U SKCAaHCUS MUEJIOUIHBIX CYTPECCOPHBIX KJIETOK
(MCK). I1pu aTOM B HacTosIIee BpeMs BCe ellle HeT JaHHBbIX 0 BO3MOXXHOM BaussHuM MCK Ha MHayKImnio
T-xnetouHoro ucrolieHus. Llenblo HacTosgIe padboThl OblIa OlLIEHKA BO3MOXHOUW B3aMMOCBSI3M OTHOCHU-
TeabHOro conepxxaHus atTunuuHbiX [1K, MCK u ¢peHoTunnuecku uctouieHHbIX PD-17 1 TIM-3*T-kJeTok
B KocTHOM Mo3re (KM) n nepudepuueckoii kposu (I1K) 601pHbIx MM Tipu pa3anuvHbIX CTaaUSIX 3a001€e-
BaHwmst. O6pasubl [TK (n = 88) 1 KM (n = 56) ObLIM MoOJydeHbl y 60IbHBIX MM (BIlepBbIe BBISIBIICHHBIC
(n = 6), manyeHTHl B peMuccuu (n = 71) U ¢ mporpeccupyrImM tedeHrueM (n = 11)). MeTomoM mpoTou-
HOU LUTOMETpUU ObLJIa MPOBENEHA OLIEHKA OTHOCUTEJIBHOTO COAEepKaHUs T-KJIETOK, 3KCIPECCUPYIOIINUX
uHruoutopHele peuentopbl PD-1 u TIM-3, nonumopdHosaepusix MCK (ITMA-MCK, LinCD14-HLA-
DR-CD33*CD66b"), monotmtapaeix MCK (M-MCK, CD14*HLA-DR"**"), panaux MCK (P-MCK, Lin"
HLA-DR-CD33*CD66b") u arunnunbix [1K (CD454mCD38*CD138*CD56"CD19-CD117*CD27-CDS81-, B
KM). Lmpkymupytoniue u BelaeneHHbIC 13 KM otmenpHbIe cyoronynsiauu PD-17/TIM-3*T-nmuMod1mToB,
P-MCK KM, a takxe atunuunbie [1K 1 ypoBHU 6eTa-2-MUKPOTJIOOYIMHA CBIBOPOTKU TOCIEA0BATEIBHO
YBEJIMUUBAIUCH B TPyINax OOJbHBIX HA PA3IMUYHBIX cTaausgx MM, oT BnepBble BBISIBJICHHBIX 10 MallU€H-
TOB B PEMUCCUU U C MPOTPECCUPYIONIUM TeueHueM. HecMoTps Ha mapasiesibHOE YBEIUYEHUE U3ydaeMbIX
nokasaTesieil, He ObUIO BBISIBIEHO KaKUX-IUOO0 accolMalMii MeXIy MapKepaMu OITyXOJeBOro pocrta (aTtu-
nuuHble [TK KM, KoHIeHTpauus 6eTa-2-MUKPOTJIOOYyINHA CBIBOPOTKU) U UCCAEAYEMBIMU TTOMYJISILASIMU
kieTok. B o6pasmax KM 6osbHbIX ¢ pemuccuein [IMA-MCK o6paTHO KOppeaupoBaJii C OTHOCUTEIbHBIM
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conepxanueM CD4*T-numoduutos, CD4*PD-1" u CD8* TIM-3* cyononyasiusiMu; TakxKe OOHapy>KEeHbI
MO3UTUBHBIEC Koppeasiuu Mexny pesauaeHTHbIMU P-MCK u CD4*PD-1*TIM-3* kjieTKaMu U MeXIy LIUP-
kymupytommMu M-MCK u CD8*PD-1" u (B Bune rennenunn) CD8 TIM-3*T-knerkamu. He ymanoce 06-
HapyXXUTb KaKUX-JTUOO0 B3aUMOCBS3€ell MEeXIy UCCIeNyeMbIMU MOMYIIIUSIMU KIeTOK B oopaszuax KM u MK
OOJILHBIX C BIIEPBBIE BBIIBIeHHOW MM U1 y TTallMEHTOB C IPOTrpecCUpyoInNM TeueHueM. Bo3MokHoe B3aM-
Hoe BnusgHue aTunudHbiX [1K, MCK u PD-1*/TIM-3*T-1mumdouuToB, 1o Bceii BUIUMOCTU, HE JIMHEIHO, B
OCOOEHHOCTH B YCIIOBUSIX SKCTCHCHUBHOI'O POCTA OITYyXOJIM Ha MOMEHT ITOCTAHOBKH AWAarHO3a U IIPOTPEeCCUn
MM. OGHapyxXeHHbIe 00paTHbIE KOPPEISIIIUU MEXKIY OTHOCUTENbHBIM conepxxaHuem [TMA-MCK u cy6-
nonyiasauusMu T-KJIETOK MOTIJIM ObITh aCCOLIMMPOBaHbBI ¢ cynpeccopHbiMU 3 dekTamu MCK kak Ha Tipe-
UMYIIECTBEHHO aKTuBUpoBaHHbIe PD-1% kiteTku, Tak n Ha uctomeHHbie TIM-3* cyononynsiuu. [1psvele
Koppessiuuu Mexay pe3uaeHTHeiMu P-MCK 1 CD4"PD-1"TIM-3* T-kneTkamMu 1 MeXXIy TN PKYTUPYIOI -
mMu M-MCK u PD-1*u TIM-3" CD8*T-kJieTKaM1 MOIJIY MOATBEPKAaTh crtocooHocTh MCK nHayuupoBaTh
T-kieToyHOE UCTOIIICHHE.

Karoueswvie crosa: muenoudnvie cynpeccophvie knemku, PD-1, TIM-3, T-aumgpoyumot, onyxonesvle naasmamuueckue Kaemxu,
MHOJICECMBEHHAS MUCAOMA

ATTEMPT TO ASSESS DIRECT INTERACTIONS BETWEEN
TUMOR BURDEN, MYELOID-DERIVED SUPPRESSOR CELLS
AND PD-1- AND TIM-3-EXPRESSING T CELLS IN MULTIPLE
MYELOMA PATIENTS

Batorov E.V.2? Aristova T.A.%, Pronkina N.V.2, Denisova V.V.2
Sizikova S.A.?, Ushakova G.Yu.?

¢ Research Institute of Fundamental and Clinical Immunology, Novosibirsk, Russian Federation
by, Zelman Institute of Medicine and Psychology, Novosibirsk National Research State University, Novosibirsk,
Russian Federation

Abstract. The avoidance of immune surveillance by malignant plasma cells (PCs) in multiple myeloma
(MM) is mediated by different mechanisms, among which an induction of T cell exhaustion and expansion
of myeloid-derived suppressor cells (MDSCs) appear to play substantial roles, but it is still a lack of data on
possible MDSC-mediated induction of T cell exhaustion. The aim of the present work was to evaluate possible
relationship between frequencies of MM PCs, MDSCs and phenotypically exhausted PD-1* and TIM-3*
T cells in bone marrow (BM) samples and peripheral blood (PB) of MM patients at various disease stages.
Peripheral blood (n = 88) and BM samples (n = 56) were obtained from MM patients (newly diagnosed
(n = 6), patients in remission (n = 71) and with progressive disease (n = 11)). Frequencies of T cells expressing
checkpoint receptors PD-1 and TIM-3, polymorphonuclear MDSCs (PMN-MDSCs, LinnCD14-HLA-DR-
CD33*CD15%/CD66b*), monocyte MDSCs (M-MDSCs, CD14*HLA-DR"""), early MDSCs (E-MDSCs,
LinHLA-DR-CD33*CD15/CD66b"), and MM PCs (CD45%mCD38"CD138*CD56"CD19-CD117*CD27-
CD81-) were assessed with flow cytometry. Circulating and BM-resident PD-1*/TIM-3"T cell subsets, BM
E-MDSCs, as soon as MM PCs and serum beta2-microglobulin (B2-M) levels were gradually increased in
patients at different stages. Despite that, there were no associations between the markers of tumor load and
the studied cell subsets. In patients in remission, BM PMN-MDSCs negatively correlated with CD4*T cells,
CD4"PD-1* and CD8*TIM-3"T cell subsets; there were positive correlations between BM E-MDSCs and
CD4*PD-1*TIM-3* cellsand PB M-MDSCs and CD8*PD-1* and (as atrend) CD8*TIM-3*T cells. We found
no associations for the samples of patients at diagnosis and with progression. We can conclude that a possible
mutual influence of malignant PCs, MDSCs and PD-1*/TIM-3*T cells is nonlinear, especially during a
manifest tumor growth at diagnosis and progression. The detected negative correlations between resident PMN-
MDSCs andT cell subsets might be associated with MDSC suppressive function, affecting both predominantly
activated PD-1" cells and exhausted TIM-3* subsets. The positive correlations between BM E-MDSCs and
CD4"PD-1"TIM-3* cell subset and circulating M-MDSCs and PD-1" and TIM-3* CD8*T cells might confirm
an ability of MDSCs to induce T cell exhaustion.

Keywords: myeloid-derived suppressor cells, PD-1, TIM-3, T cells, tumor plasma cells, multiple myeloma
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Introduction

Multiple myeloma (MM) is an incurable he-
matological malignancy characterized by the un-
controlled proliferation of a B cell precursor clone
that differentiates to plasma cells in the bone marrow
(BM). Multiple myeloma pathogenesis involves
complex interactions between tumor cells, bone
marrow microenvironment, and immune cells with
pro- or anti-tumor properties. The avoidance of
immune surveillance by malignant B cells in MM
is mediated by a variety of mechanisms, among
which an induction of T cell exhaustion (TCE)
and expansion of myeloid-derived suppressor cells
(MDSCs) seem to play crucial roles [10, 14]. T cell
exhaustion is characterized by a pronounced decrease
in T cell functions and phenotypically recognized by
an up-regulation of inhibitory checkpoint receptors
(ICRs) PD-1, TIM-3 etc [14]. An increment in
T cells expressing ICRs was previously described
for MM [1, 2]. Myeloid-derived suppressor cells,
which origin and functions are clear from the
name, are traditionally divided into three subsets:
polymorphonuclear MDSCs (PMN-MDSCs, Lin-
CDI14HLA-DRCD33*CD15"/CD66b"), monocyte
MDSCs (M-MDSCs, CD14"HLA-DR"*¥") and early
MDSCs (E-MDSCs, LinHLA-DR-CD33*CD157/
CD66b") [6].

TABLE 1. BASELINE CHARACTERISTICS OF PATIENTS

In MM, an increase in CD14"HLA-DR/°* and
CDI11b"CD14-CD33" MDSC subsets and the absence
of quantitative changes compared with healthy
individuals have been described [5, 8]. The suppression
of the immune response [6, 8], enhancement of
angiogenesis [15], support for the survival of tumor
cells [8, 11] are currently identified for a tumor-
promoting activity of MDSCs. Simultaneously, it
is still a lack of data concerning possible MDSC-
mediated induction of TCE. The aim of the present
work was to evaluate possible relationship between
frequencies of MM plasma cells (MMPCs), MDSCs
and PD-1* and TIM-3*T cells in BM specimens and
peripheral blood (PB) of MM patients during the
induction therapy courses.

Materials and methods

Eighty-eight MM patients who had been treated
at the Department of Hematology of Research
Institute of Fundamental and Clinical Immunology
(Novosibirsk, Russia) were enrolled in the study.
All patients gave informed consent in accordance
with the Declaration of Helsinki of 1975; the local
ethics committee approved the study protocol. The
patients were staged according to the Durie-Salmon
system (1975). Responses were defined according to
the International Myeloma Working Group criteria.
Baseline characteristics of patients are described in
Table 1.

Peripheral blood (n = 88) and BM (n = 54) samples
were obtained during routine diagnostic procedures.

Characteristic Value
Age at analysis, years; median (min-max) 52 (35-68)
Sex, female/male 47/41
Types
IgG 53
lgA 18
Light chain 8
Unknown 9
Durie-Salmon stage
1l 25
]l 63
Disease status at analysis:
— newly diagnosed 6
— complete remission, partial response 71
— progressive disease 11
Chemotherapy regimens before analysis
1 14
2 45
23 23
Time from the date of diagnosis to analysis, months; Me (Q,,5-Q, ;5) 8.5 (6.1-12.7)
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Mononuclear cells (MNCs) were isolated by density
gradient centrifugation and stained with the following
mouse anti-human monoclonal antibodies according
to the manufacturer's recommendations: CD3 (FITC,
PerCP), CD4 (FITC, PerCP), CD8 (FITC, PE-Cy
7), PD-1 (PE, APC) and TIM-3 (PerCP-Cy 5.5,
BV421) — for T cell assessment; Lin (FITC), CD33
(PerCP-Cy 5.5), HLA-DR (FITC, PerCP), CD66b
(APC), CDI14 (FITC) — for MDSC assessment.
Before and after incubation with monoclonal
antibodies, samples were washed with PBS 1,500
rpm for 7 min. As controls were used unstained live
cells, “fluorescence-minus-one”, BD CompBeads
Anti-mouse Ig, /Negative Control Compensation
Particles Set (BD Biosciences). The evaluated
T cell and MDSC subsets were: CD4'PD-1%,
CD4*'TIM-3*, CD4'PD-1"TIM-3*, CDS8*PD-1",
CDS8'TIM-3*, CD8"PD-1"TIM-3* and Lin"HLA-
DR-CD33*CD66b- (E-MDSCs), LinHLA-DR-
CD33*CD66b" (PMN-MDSCs), CDI4*HLA-
DR/~ (M-MDSCs), respectively.

Samples were analyzed on FACSCalibur and
FACSCanto II flow cytometers (BD Biosciences)
using CellQuest Pro and FACSDiva software,
respectively. T cell and MDSC subsets were presented

as the percentage of lymphocytes and MNCs,
respectively. To assess MMPCs, fresh BM samples
were stained with the following mouse anti-human
monoclonal antibodies: CD38 (FITC or APCQC),
CD56 (PE), CD27 (PerCP-Cy5.5), CD138 (PerCP-
Cy5.5 or APC), CD117 (Pe-Cy7), CD81 (APC-H7),
CD19 (V450), CD45 (V450), cytlgLambda (FITC),
cytlgKappa (PE-Cy7). For intracellular staining,
samples were incubated with BD FACS Permeabilizing
Solution 2 (BD Biosciences). Samples were analyzed
on FACSCanto II flow cytometer using FACSDiva
software. Multiple myeloma plasma cells were
indicated as CD45¢mCD38*CDI138"CD56"CD19-
CDI117*CD27-CD81- and were presented as the
percentage of all nucleated BM cells.

Serum beta2-microglobulin (B2-M) was assessed
using latex particle-enhanced turbidimetry kit (Dako
Beta-2-Microglobulin PET Kit) on the IMMAGE 800
Immunochemistry System (Beckman Coulter, USA).
Statistical analysis was performed using Statistica 6
(StatSoft) package. Data in the text were presented
as median and interquartile ranges. The Mann—
Whitney U test (two-sided) was used to calculate
differences between groups of patients. Spearman’s
rank correlation was used to evaluate associations for

TABLE 2. COUNTS OF BONE MARROW PD-1* AND TIM-3*T CELL SUBSETS AND MYELOID-DERIVED SUPPRESSOR CELLS

IN MULTIPLE MYELOMA PATIENTS, Me (Qj 25+Qq75)

Newly diagnosed

Cell subset (n=6)

Remission
(n=41)

Progressive disease
(n=7)

CD4*, % 14.4 (11.3-27.5)

24.3 (17.5-33.4) 19.4 (16.0-24.1)

CD4*PD-1*, % 2.4 (2.1-3.1) 6.2 (3.7-8.7)* 6.1 (2.0-12.7)*
CD4'TIM-3*, % 1.1 (0.8-1.7) 2.1 (1.3-3.4) 3.0 (1.3-5.1)*
CD4*PD-1"TIM-3", % 0.2 (0.1-0.3) 0.7 (0.4-1.2)* 1.2 (0.6-1.4)*
CD8", % 33.9 (21.6-45.6) 18.0 (12.7-25.5)* 15.6 (13.3-29.0)*
CD8'PD-1*, % 4.3 (2.9-10.9) 5.1 (3.4-7.2) 6.4 (4.6-11.4)
CD8*TIM-3*, % 2.0 (1.4-2.7) 3.7 (2.6-4.9)* 6.5 (4.7-7.2)*
CD8'PD-1*TIM-3*, % 0.2 (0.1-0.7) 0.5 (0.4-0.8) 1.5 (1.0-3.4)* #
E-MDSCs, % 0.6 (0.4-0.7) 1.0 (0.6-1.5)* 1.0 (0.8-1.1)*
PMN-MDSCs, % 3.3 (1.5-6.0) 2.2 (0.7-4.0) 1.5 (0.8-2.3)
M-MDSCs, % 1.6 (1.1-3.9) 1.9 (1.2-2.9) 0.3 (0.2-0.4)* *#

Note. Relative counts of T cell subsets and MDSCs are presented as the percentages of lymphocytes and mononuclear cells,
respectively. p values are assessed with Mann-Whitney U test. *, p, < 0.05 between newly diagnosed patients and treated patients
(in remission or with progression). #, p, < 0.05 between patients in remission and patients with progressive disease. E-, M-, PMN-
MDSCs indicate early, monocyte, polymorphonuclear myeloid-derived suppressor cells, respectively.
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TABLE 3. COUNTS OF CIRCULATING PD-1* AND TIM-3*T CELL SUBSETS AND MYELOID-DERIVED SUPPRESSOR CELLS IN

MULTIPLE MYELOMA PATIENTS, Me (Q 5-Q,75)

Cell subset Newly diagnosed Remission Progressive disease
(n=6) (n=171) (n=11)
CD4*, % 33.4 (20.0-51.7) 47.8 (37.0-59.7) 41.0 (32.7-58.6)
CD4'PD-1*, % 4.6 (3.7-9.9) 5.1 (3.3-7.7) 7.0 (4.4-13.2)
CD4'TIM-3*, % 1.0 (0.5-1.3) 1.3 (0.8-3.1) 2.5(2.2-5.2)**
CD4'PD-1*TIM-3*, % 0.1 (0.1-0.3) 0.2 (0.1-0.4) 0.9 (0.4-1.1)**

CD8*, % 26.1 (16.5-34.8) 22.9 (12.4-33.7) 33.7 (14.9-58.3)
CD8'PD-1*, % 2.8 (1.5-4.4) 2.7 (1.4-4.1) 5.4 (1.6-6.4)
CD8*TIM-3*, % 4.4 (3.6-6.3) 3.2 (1.8-5.5) 5.8 (2.3-9.6)
CD8*PD-1*TIM-3*, % 0.2 (0.2-0.4) 0.2 (0.1-0.3) 0.8 (0.4-1.4)* #
E-MDSCs, % 0.5 (0.3-0.5) 0.8 (0.5-1.2) 0.6 (0.5-0.8)

PMN-MDSCs, %

0.05 (0.02-0.06)

0.02 (0.01-0.07)

0.05 (0.02-0.6)

M-MDSCs, %

3.9 (2.2-5.1)

2.4 (1.2-5.7)

2.8 (1.7-3.9)

Note. As for Table 2.

continuous variables. p values presented were two-
sided. p < 0.05 was considered statistically significant.

Results and discussion

We first comparatively assessed MMPCs in patients
with different stages of the disease. Frequencies
of multiple myeloma plasma cells in BM samples
of patients in remission were significantly lower
compared to both newly diagnosed patients and the
individuals with progressive disease: 0.12% (0.027-
0.875%) vs 21.0% (6.8-38.0%); py = 0.00010, and
4.2% (1.4-20.6%); py = 0.0021, respectively.

The percentages of BM CD4"PD-1*, CD4*PD-1
*TIM-3* and CD8*TIM-3"*T cell subsets, as well as
E-MDSCs were significantly higher in both patients
in remission and with progressive disease compa-
red with newly diagnosed MM (Table 2). Besides,
CD4'TIM-3*, CDS8'TIM-3* and CD8"PD-1"TIM-3*
were increased in BM samples of MM patients with
progression compared with individuals in remission
and/or newly diagnosed patients (Table 2). On the
contrary, BM M-MDSCs were significantly lower in
patients with progression (Table 2).

Multiple myeloma PCs and the studied cell subsets
were evaluated in same BM samples, and we tried to
assess possible direct associations between the tumor
burden and frequencies of dysfunctional T cells and

MDSCs in MM microenvironment. There were no
correlations between malignant PCs and these cell
compartments in the each group of patients (data not
shown).Then we evaluated associations between BM
MDSCs and PD-1*/TIM-3*T cells. In specimens
of patients in remission, PMN-MDSC frequencies
negatively correlated with CD4*T cells (Rg = -0.39,
p = 0.030; n = 31), CD4"PD-1* (Rgy = -0.56,
p = 0.00097; n = 31) and CDS8'TIM-3*T cells
(Rg =-0.59, P =0.00044; n = 31), while E-MDSCs
positively correlated with CD4*PD-1*TIM-3* cell
subset (Rg = 0.39, p = 0.040; n = 31). We failed to
find such associations for the samples of patients at
diagnosis and with progression.

Serum B2-M is used as a surrogate marker of
tumor burden. Bone marrow MMPC frequencies
correlated with serum B2-M levels: Rg = 0.55,
p = 0.000014; n = 56. Serum B2-M levels of patients
in remission were significantly lower compared to
both newly diagnosed patients and the individuals
with progressive disease: 2.4 mg/L (1.97-2.99 mg/L,;
n = 55) vs 5.19 mg/L (2.82-15.8 mg/L; n = 6);
py =0.013, and 6.35 mg/L (3.37-7.75 mg/L; n=11);
py = 0.000029, respectively. The only association
we found was a negative correlation between B2-M
and circulating CD4*T cells (Rg = -0.31, p = 0.039;
n = 45) in patients with remission.
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The percentages of circulating CD4"PD-1%,
CD4*PD-1"TIM-3* and CD8*PD-1"TIM-3*T cell
subsets were significantly higher in patients with
progressive disease compared with both the newly
diagnosed MM patients and the individuals in
remission (Table 3). Contrary to the BM samples,
there were no differences in PB MDSC subsets
depending on the stage of the disease (Table 3).

Further we assessed associations between
circulating MDSCs and PD-1*/TIM-3*T cells. In PB
samples of patients in remission, only CD14*HLA-
DRPY-  M-MDSCs negatively correlated with
CD4'T cells (Rg = -0.34, p = 0.0064; n = 60),
and positively correlated with both CD8*PD-1*
(Rg = 0.28, p = 0.029; n = 60) and — as a trend —
CDS8*TIM-3*T cells (R¢=10.22, p=0.098; n =60). As
in the case of BM samples, we found no associations
between circulating MDSCs and PD-1*"/TIM-
3*T cells of patients at diagnosis and with progression.

Conclusion

The present work was devoted to an attempt to
find possible direct associations between tumor load,
MDSCs and PD-1- and TIM-3-expressing T cells in
multiple myeloma patients, asthese cell compartments
appear to play substantial roles in MM escape from
immune surveillance and its clinical progression.

The described gradual increase in circulating and
BM-resident PD-1*/TIM-3*T cells and E-MDSCs
of patients at different stages are in agreement with
the previously published data [2, 3, 7, 13]. The only
unexpected finding was the decrease in CD14*"HLA-
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