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Pesome. NK-kieTkn — nuMdOLIUMTHI BPOXKAEHHOTO UMMYHUTETA, KOTOPbIE CITOCOOHBI 2(MOEKTUBHO /11 -
MUHUPOBATh U3BMEHEHHbIE KJIETKA OPraHU3Ma, YTO JIeJaeT MePCHEeKTUBHBIM UX MIPUMEHEHNE B UMMYHOTepa-
MUY BUPYCHBIX 3a0osieBaHuil u omtyxoseit. [Tomymsiuysa NK-ki1eTok oTandaercsi BBICOKUM (DeHOTUIMUYECKUM
U QYHKIIMOHAJIBHBIM pa3dHooOpa3ueM. B yactHocTH, B Tyje BbicokoauddepeHunpoBaHHbix NK-KeToK B
npucytctBuM uroMerasiopupyca (HCMV) MoxeT hopMUpOBaThCS MOMYISLIMS aJallTUBHBIX KJIETOK, KO-
TOpPbIE OTJIUYAIOTCS BHICOKOU MPOIOJIKUTEIBHOCTBIO XKU3HU U BBICOKOU IIMTOTOKCUYHOCThIO. OMHAKO ISt
OCYILIECTBJIECHUS LIUTOTOKCcUYecKou peakiiuu NK-kineTke HeobXoauMo MPONTH Mpoliecc 00ydYeHusl, B XO/e
KOTOporo oHa npuobdpetaeT akcrnpeccuto perentopoB NKG2A u KIR. MHrubupyromuii curHana oT 3TUX pe-
LENTOPOB MPEAOTBPALIAET IUTOTOKCUYECKYIO peaKIIUIO MTPOTUB 3I0POBBIX KJIETOK OpraHu3ma. B HacTosmit
MOMEHT CYIIECTBYET MHOXECTBO 3(h(DEKTUBHBIX METOAOB HakorieHUs N K-KIeToK ISl TOCaeAyIOIIeTo Mpu-
MEHEHUs B Teparnuu, OAWH U3 HUX — ctumysiius 1L-2 u dunepHbiMu kietkamMu K562-mblL21. Beicoko-
nuddepeHmpoBaHHble NK-KIeTKH ¢ afaliTUBHO-TTOJOOHBIM (DEHOTHUITOM CITOCOOHBI OTBEYATh 9KCIaHCUE
Ha TaKylo CTUMyJIsILM0. OIHAKO MTOKa3aHo, YTO B XOJi€ aKTUBHON Mpoirdepairi MOXeT JMHAMUYECKU U3-
meHaTbest deHotun NK-kietok. [ToTeps skcnpeccuun nHruoupyoumx perentopos KIR B xone nHteHcuB-
Hoil mponudepany NK-KIeTOK B OTBET Ha CTUMYJI MOXKET HETaTUBHO CKa3aThCs Ha UX HUTOTOKCUYECKOM
MOTeHIUae U CIOCOOHOCTU SJIMMUHUPOBATh MULLIEHU. B aTOI paboTe moka3aHo, 4To BbicOKoaubdepeH-
nupoBaHHble NK-kitetku CD564"NKG2C* HCMV-cepono3uTUBHBIX WHAWBUAOB OTIMYAIOTCS BBICOKOM
noneit kierok KIR2DL2/3*. BTo MOXeT CBUAETEIbCTBOBATh O BHICOKOW CTAOMJILHOCTU 3KCIIPECCUM pe-
uenropoB KIR B aT0it monysuuu. Hamu GbUIo MOKa3aHO, 4TO KJOHaAbHbIE Kyasrypbl CD564"NKG2C™,
noJjiydeHHble TIpy cTuMysiiiu 1L-2 u K562-mblL21, oTanyaloTcst BRICOKOM CTaOUIBHOCTBIO 9KCIIPECCUU
KIR2DL2/3 no cpaBHeHuto ¢ NKG2C-HeratuBHbIMU U MeHee nuddepeHumpoBanbiMu CD56Y " NKG2C*.
Takske B TeTepOTreHHBIX KYyJBTypax IMpeaiiecTBeHHUKOB aganTuBHbIX NK-kinerok CD57-CD564"NKG2C*
HabJrogajcst 6oyiee BBICOKHMIT ypoBeHb 3Kcrpeccun KIR2DL2/3 B cpaBHennnu ¢ NKG2C-HeraTuBHbIMHA
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kynsrypamu CD57-CD56%"NKG2C-. Takum obpa3om, HakoruieHrue NK-knetok npu crumyasauun 1L-2 n
dunepHupiMu kiaetkamu K562-mbIL2 MoxkeT MpUBOAUTH K MoTepe aKcrpeccnu perentopoB KIR u cHuke-
HUIO UX (PyHKIIMOHATBHOW aKTUBHOCTU. OJHAKO KyJabTypaM BbicOKoauddepeHmpoBaHHbIX NK-kieTok
HCMV-ceponosutnBHbIX MHANBUA0B CD569MNKG2C*, a TaksKe KyJIBTypaM MpeAIlieCTBEHHUKOB alanThUB-
Hbix NK-kjierok CD57-CD56%™ NKG2C* cBoiicTBeHHa 00Jbliast cTabrmibHOCTh 9Kkcnpeccun KIR2DL2/3
B cpaBHeHUU ¢ KyJabTypamu NKG2C-HeratuBHbix U MeHee nuddepenimpoBanHbix NK-knetok. Kak cien-
ctBue, ctumyssuuio 1L-2 u dunepHbiMu kinetkamu K562-mblL21 MOXHO NMPUMEHSTh 1T HAKOTUICHUS
aIanTUBHO-MOAOOHBIX KJIETOK U UX MPEIIIeCTBEHHUKOB, U MPU 3TOM LIMTOTOKCUYECKUI MOTEHIIMAJ TTOJTy-
YEeHHBIX KYJBTYP, KaK U 9KcTipeccus nHrubupyromux perentopon KIR, Oynet ctabunieH.

Knrouesvie cnosa: NK-kaemku, Hamypanvhule Kuepsl, uneuoupyrowue peyenmopot KIR, sxcnancus NK-kaemok,
ummyHomepanus, yumomeeanosupyc, HCMV

NK CELL EXPANSION /N VITRO IS FOLLOWED BY LOSS
OF INHIBITORY KIR EXPRESSION

Alekseeva N.A.2, Ustyuzhanina M.O.>", Streltsova M.A.2,
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Abstract. NK cells are innate lymphocytes that are able to eliminate altered cells, which makes them
promising for the immunotherapy of viral diseases and tumors. The NK cell population is characterized by high
phenotypic and functional diversity. In particular, in the pool of highly differentiated NK cells in the presence
of cytomegalovirus (HCMYV), a population of adaptive cells can be formed, characterized by a high lifespan
and high cytotoxicity. However, in order to carry out a cytotoxic reaction, a NK cell must undergo a licensing
process, during which it acquires the expression of NKG2A and KIRs. Currently, there are many effective
methods of NK cell accumulation for subsequent use in therapy, one of them is the stimulation with IL-2 and
K562-mblL21 feeder cells. Highly differentiated adaptive-like NK cells are able to expand in respond to such
stimulation. However, the phenotype of actively expanding NK cells dynamically changes. Loss of inhibitory
KIR expression during intense proliferation of NK cells may adversely affect their cytotoxic potential. This
work shows that highly differentiated CD569™"NKG2C* NK cells from HCMV-seropositive individuals have
a high proportion of KIR2DL2/3" cells. This may indicate a high stability of KIR receptor expression in this
population. We have shown that CD564m"NKG2C™ clonal cultures obtained by stimulation with IL-2 and K562-
mblL21 are characterized by high stability of KIR2DL.2/3 expression compared to NKG2C-negative and less
differentiated CD56*#"NKG2C*. Also, in heterogeneous cultures of adaptive NK cells precursors CD57-
CD569"NKG2C*, a higher expression level of KIR2D1.2/3 was observed in comparison with NKG2C-negative
cultures of CD57-CD569"NKG2C-. Thus, the accumulation of NK cells upon stimulation with IL-2 and K562-
mblL2 feeder cells can lead to loss of expression of KIR receptors and a decrease in their functional activity.
However, cultures of highly differentiated NK cells of HCMV-seropositive individuals CD564™"NKG2C", as
well as cultures of precursors of adaptive NK cells CD57-CD56%"NKG2C*, are characterized by a greater
stability of KIR2DL.2/3 expression. As a result, stimulation with 1L-2 and K562-mblL21 feeder cells can be
used to accumulate adaptive-like cells and their progenitors with stable inhibitory KIR expression and high
cytotoxic potential.

Keywords: NK cells, natural killers, inhibitory KIR, NK cells expansion, immunotherapy, HCMV
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Foundation grant # 22-15-00503. by high phenotypic and functional diversity. In NK
cell population, there are both regulatory cytokine-
IntrOd UCtion producing cells and effector cells with a high density

) of cytolytic granules. The population diversity of
NK cells are innate lymphocytes that are capable  human NK cells is resulted from both their interaction
of exhibiting cytotoxic activity against altered cells with the internal environment of the organism and by
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external factors, including a wide range of pathogens.
Pathogens can influence the differentiation and
maturation of NK cells, as well as promote the
formation of a pool of so-called adaptive NK cells in
the subset of highly differentiated CD564™NK cells.
These adaptive NK cells are distinguished by a high
lifespan and specialized functional activity.

Among adaptive NK cells the best studied are
cytomegalovirus (HCMYV)-specific ones, which
have high expression levels of the NKG2C activating
receptor [8], capable of recognizing the HCMYV-
derived peptide presented on the surface of infected
cells in context of HLA-E [2, 6] engagement of
inhibitory killer immunoglobulin-like receptors (KIR.
However, these cells show cytotoxic activity only
after the licensing, when inhibitory receptors KIR or
NKG2A begin to be expressed on the surface of NK
cells. These receptors are able to recognize HLA-I on
surrounding cells, which allows NK cells to inhibit
the cytotoxic response towards healthy cells. NKG2A
expression is typical of poorly differentiated cells and
decreases during maturation, while the proportion of
KIR-positive cells increases during differentiation. In
addition, the NKG2A receptor, in contrast to KIR,
is more sensitive to the expression level of HLA-I
molecules than to the presented peptide repertoire [3].
Thus, KIR receptors can enhance the specificity of
the cytotoxic pathogen response of NK cells.

NK cells are currently used in cell therapy of
several diseases. The lifespan along with the high level
of antibody-dependent cytotoxicity of adaptive NK
cells make them promising for the immunotherapy
of various diseases, both viral and oncological.
Therefore, the search for effective approaches to
the accumulation of adaptive NK cells with a stable
phenotype is especially important. For ex vivo
expansion NK cells are stimulated with cytokines in
the presence of feeder cells, made from modified and
irradiated cell lines. K562 with membrane-bound
interleukin 21 (K562-mbIL21) cells have shown their
effectiveness and can induce an active proliferation
of NK cells and increase their functional activity [5].
However, during cultivation, the cell phenotype
changes dynamically. For example, when cultured
with K562-mbIL21 feeder cells, NK cells are able to
acquire the expression of the terminal differentiation
marker CD57 or the NKG2A inhibitory receptor
de novo [11] we analyzed the phenotype and growth
of human NK cell clones obtained by the stimulation
of individual NK cells with IL-2 and gene-modified
K562 feeder cells expressing membrane-bound 1L-21
(K562-mbIL.21).

In this work, we analyzed the stability of
KIR2DL2/3 expression in cultures of NK cell subsets
which differ in the differentiation stage and the level
of NKG2C expression. The stability of KIR2DL2/3
expression in the subset of potential adaptive NK cell

progenitors [7] was evaluated as well. NK cell in vitro
cultures were obtained by stimulation with 1L-2 and
K562-mbli21 feeder cells.

Materials and methods

NK cells for following experiments were
isolated from peripheral blood mononuclear cells
(PBMC) by negative magnetic separation (NK cell
isolation kit, MiltenyiBiotec, Bergisch Gladbach,
Germany). PBMC were previously obtained by
gradient centrifugation from blood samples of
healthy donors, who gave their informed consent.
Exvivo NK cells were stained with anti-human
monoclonal antibodies: CD56-BrilliantViolet (clone
HCD56), NKG2C-AlexaFluor (AF) 488 (clone
108724), KIR2DL2/3-PE-Vio615 (clone REA1006)
(Miltenyi Biotec, Germany) and CD57-PE-Vio770
(clone REA769) and then sorted into wells of 96-
well plate. Heterogeneous cultures were obtained via
planting by 100 cells into each well, clonal cultures
by planting a single cell into each well. Sorted NK
cell subsets differed in differentiation stage and
NKG2C expression level: CD56"E"NKG2C-,
CD56"EMNKG2C*, CD56M"NKG2C-, CD564"NKG2C*.
Subsets of adaptive NK cells precursors
CD57-CD564"NKG2C*- were sorted as well.

These sorted cells were cultivated in medium for
clones (80% DMEM medium (PanEco, Moscow,
Russia), 20% x-vivo medium (Lonza, Swiss), 2 mM
L-glutamine, 2mM sodium pyruvate (PanEco,
Moscow, Russia), 2 mM antibiotic-antimycotic
(Sigma-Aldrich, St. Louis, MO, USA)) with 100
U/ml IL-2 and feeder cells K562-mbIL21 (37 °C,
5% CO2), for 2 weeks (heterogeneous cultures) or 3
weeks (clonal cultures). Ex vivo NK cells and NK cell
cultures obtained after the stimulation were stained
with following anti-human monoclonal antibodies:
NKG2C-AF 488, KIR2DL2/3-PE-Vio615 and
CD57-PE-Vio770, CD56-APC, KIR2DL2/3-PE
(clone DX27). Then flow cytometry data was obtained
on MACSQuant 10 cytometer (Miltenyi Biotec,
Bergisch Gladbach, Germany) equipped with 405
nm, 488 nm, and 635 nm lasers. Flow cytometer data
was processed in FlowJo software version X (TreeStar
Williamson Way, Ashland, OR, USA). Statistical
analysis was performed using the GraphPad Prism 7
software (StatSoft Inc., Tulsa, OK, USA). Student’s
t-test was applied for data that passed the Shapiro—
Wilk normality test and the Mann—Whitney test
for data not normally distributed. Means =+ SEM
are presented throughout the paper (* p < 0.05; **
p <0.01; *** p < 0.001; **** p < 0.0001).

Results and discussion

Adaptive NK cell population belongs to the pool of
highly differentiated CD56%™ cells and is characterized
by a high expression level of the terminal differentiation
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marker CD57 and the NKG2C activating receptor.
To study the relationship between the expression of
KIR in highly differentiated NK cells, the individual
HCMV serological status and proportion of NKG2C-
expressing cells, the KIR2DL2/3 expression in
newly isolated CD564"NKG2C*- NK cells was
analyzed. In the highly differentiated cell subset of
HCMV-seronegative individuals, the proportion
of KIR2DL2/3* cells was independent of NKG2C
expression (Figure 1A), while HCMV-seropositive
donors had a higher proportion of KIR2DL2/3* cells
in the CD569"NKG2C* NK cell subset (Figure 1B).
This indicates that not only the presence of a pathogen
contributes to the accumulation of licensed cells and
the emergence of a pool of adaptive ones, but also that
these two processes are linked together.

It is known that cytomegalovirus infection induces
not only the expansion of the NKG2C* cells, but
also the expansion of cells expressing inhibitory
KIRs specific to the individual’s own HLA-I [4].
This phenomenon is more pronounced in subsets of
NKG2C* cells [1]. We have shown that this process
is most notable in the subset of highly differentiated
CD564"NKG2C* cells. The role of inhibitory KIR in
the formation of adaptive NK cells is currently poorly
understood. It is possible that the recognition of
viral peptides in HLA-I by inhibitory KIR receptors
also leads to the expansion of KIR* cells within the
subpopulation of adaptive cells. High proportion of
KIR2DL2/3* cells in the subset of adaptive NK cells
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Figure 1. Proportion of KIR2DL2/3* cells in subsets

of highly differentiated CD56™ ex vivo NK cells differing
in the level of NKG2C expression

Note. (A) Proportion of KIR2DL2/3* cells in subsets of highly
differentiated CD56™ NK cells differing in the level of NKG2C
expression in HCMV seronegative individuals (n = 10). (B) Proportion
of KIR2DL2/3* cells in subsets of highly differentiated CD56%™ NK
cells differing in the level of NKG2C expression in HCMV seropositive
individuals (n = 26). Statistical analysis was performed using a paired
t-test (*** p <0.0001). Columns represent means + SEM.

may be also due to the high expression stability of
these receptors in the presence of infection.

To assess the stability of KIR expression by NK cells
of HCMV-seropositive individuals at different sta-
ges of differentiation and with distinct NKG2C
expression levels, freshly isolated cells with the
phenotype CDS56EMNKG2C-, CD56EMNKG2C™,
CD564"NKG2C- and CD56%"NKG2C* were sorted.
Cells were cultured under stimulation with 1L-2 and
K562-mblL21 feeder cells, and after two weeks of
cultivation, KIR2DL2/3 expression was detected
on the surface of cells from the resulting cultures.
In all KIR2DL2/3-positive subsets, a decrease in
the proportion of KIR2DL2/3* cells was detected.
There was a tendency towards a higher proportion
of KIR2DL2/3* cells in NKG2C-positive subsets
regardless of the level of differentiation (Figure 2A).

Further, to assess the stability of KIR surface
expression on the NK cells of HCMV seropositive
individuals, clonal cultures of KIR2DL2/3* subsets
differing in NKG2C expression and differentiation
stage were obtained. The cells were cultured for 3
weeks with stimulation of IL-2 and K562-mbIL21,
thereafter KIR2DL2/3 expression on the surface of
NK cells in the obtained cultures was evaluated by
flow cytometry.

One individual (Figure 2C) showed a high stability
of expression of inhibitory KIR2DL.2/3 receptors in
the CD569"NKG2C* population compared to NK
cells from a less differentiated CD56"e"NKG2C*
subset and compared to CD56%™ cells not expressing
the NKG2C receptor. Another individual showed the
same tendency (Figure 2B). This observation does not
contradictthedataobtainedinthe previousexperiment
when cultivating heterogeneous, not clonal cultures.
Thus, a high proportion of KIR2DL.2/3-positive cells
in the CD56%"NKG2C* population may be due to
the high stability of this receptor when co-expressed
with NKG2C. In addition, the differentiation stage
can also affect the stability of the expression of the
KIR2DL2/3 receptors.

Adaptive NK cells are able to respond by intense
proliferation to a repeated encounter with a pathogen;
however, adaptive NK cells obtained from the blood
of healthy individuals also have a low expression level
of the adapter molecule FceRIy. Low expression of
FceRly is a feature of NK cells with poor proliferative
activity [10]. Therefore, the accumulation of
adaptive NK cells in the absence of HCMYV infection
appears to be a challenging task. Nevertheless,
the precursors of adaptive NK cells with the
CD57-CD569"NKG2C* phenotype retain many
properties of adaptive cells, while being highly
proliferative [7]. It has been previously shown that
NK cells with the CDS57-CD564m"KIR*NKG2C*
phenotype are able to respond with intense expansion
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Figure 2. Stability of KIR2DL2/3 expression in heterogeneous and clonal cultures of KIR2DL2/3* NK cells of HCMV-
seropositive individuals differing in differentiation stage and the level of NKG2C expression

Note. (A) Proportion of KIR2DL2/3* cells in cultures derived from KIR2DL2/3* NK cell subsets differing in differentiation stage and NKG2C
expression level. The number of individuals N = 5. Cultivation time t = 2 weeks. (B) and (C) Proportion of KIR2DL2/3* cells in NK cell clones of two
individuals after cultivation under stimulation with IL-2 and K562-mblL21. Statistical analysis was performed using an unpaired Mann-Whitney

(**p<0.01,** p <0.001). Columns represent means + SEM.

to stimulation by IL-2 and K562-mbIL21 feeder
cells [9]. To evaluate the stability of KIR2DL2/3
expression in the adaptive NK cell progenitor
subpopulation, heterogeneous CD57-CD56%™ cul-
tures of KIR2DL2/3-positive subsets were obtained.
NK cells were cultured for 2 weeks, after which
KIR2DL2/3 expression was detected. As in cultures
of highly differentiated CD564™ cells, there was a
tendency towards greater stability of KIR2DL2/3
expression in the NKG2C-positive subset (Figure 3A).
Also, in the CD57-CD56"NKG2C* subset, a hig-
her level of KIR2DL2/3 expression was observed,
compared to the CD57-CD569"NKG2C- subset
(Figure 3B).

Conclusion

Earlier studies have shown that KIRs have a high
expression stability [11] we analyzed the phenotype
and growth of human NK cell clones obtained by
the stimulation of individual NK cells with 1L-2
and gene-modified K562 feeder cells expressing
membrane-bound IL-21 (K562-mbIL21. However,
we found that NK cells, when expanded in response
to stimulation by feeder cells, are able to lose KIR
expression. Although stimulation with K562-mbIL21
feeder cells allows efficient accumulation of NK cells
in large numbers with high expansion ratios, it is
important for proliferating cells to retain their original
phenotype during the expansion. Inhibitory KIR
expression is necessary for the functional activity of
cells, since it is associated with the accumulation of
a large amount of cytotoxic granules near the center
of microtubule organization. Loss of KIR expression
may lead to a decrease in the effector function of
NK cells. In this work, we have shown that highly

differentiated cells with the phenotype of adaptive
NK cells and their progenitors, CD56%"NKG2C* and
CD57-CD564"NKG2C*, are characterized by high
stability of expression of inhibitory KIR receptors,
which makes possible to use the IL-2 stimulation
method in combination with K562-mbli21 feeder
cells for accumulation of adaptive-like NK cells with
a stable phenotype for subsequent immunotherapy.
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Figure 3. Proportion of KIR2DL2/3* cells in cultures from
the pool of HCMV-specific adaptive NK cells precursors
CD57-CD564 differing in the level of NKG2C expression
and derived from HCMV-seropositive individuals

Note. (A) Proportion of KIR2DL2/3* cells in cultures derived from
populations of KIR2DL2/3-positive adaptive NK cell precursors with the
CD57-CD56™ phenotype, differing in the level of NKG2C expression.
N =4, t=2 weeks. (B) Expression level of KIR2DL2/3 in cultures
derived from populations of KIR2DL2/3-positive adaptive NK cell
precursors with the CD57-CD56™ phenotype, differing in the level

of NKG2C expression. N = 4, t = 2 weeks. Statistical analysis was
performed using an unpaired Mann-Whitney (* p < 0.05). Columns
represent means + SEM.
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