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Pesiome. EctecTBeHHbIe Kuiiepbl (NK-KJIeTKI) SIBJASIIOTCS KJIOUYE€BbIM KOMIIOHEHTOM TTPOTUBOBUPYCHO-
ro UMMYHUTETA, IEMOHCTPUPYS UCKITIOUUTEbHYIO aIallTUBHOCTb MPU TaKUX MH(MEKIIUSX, KaK IIMTOMETao-
Bupyc dyenoBeka (hCMV) u SARS-CoV-2. CoBpemMeHHbIe MeTOIbI single-cell TpaHCKPUITOMUKY BBISIBUIU
CyLIIECTBOBaHME KJIOHAJIbHBIX Tonysaiuii NK-kieTok ¢ yHUKaJIbHBIMU (DYHKIIMOHAIBHBIMU NPOGUISIMU,
YTO CTUPAET TPAAULIMOHHBIE TPAHULIBI MEXY BPOKAECHHBIM U aIalITUBHBIM UMMYHUTETOM. OnHaKo (hyHK-
IIMOHAJIbHASI T€TEPOre€HHOCTh U UMMYHOJIOTUYECKAsI 3HAYMMOCTb 3TUX KJIOHOB OCTAlOTCSI HEJOCTATOYHO
u3ydeHHbIMU. JlaHHOE MCccieJoBaHUE HATIPaBJICHO Ha aHAIU3 KJIIOHAJbHOW reteporeHHOcTH NK-KjeTok c
MCIIONb30BaHMEM OITyOJIMKOBaHHBIX JaHHBIX SCRNA-seq or hCMV-ceporno3uTuBHBIX, CEpOHETaTUBHBIX JI0-
HOpoB U namueHToB ¢ COVID-19, ¢ akiieHTOM Ha KilacTep-cIielinpuiecKre maTTepHbl SKCIIPECCUU TSHOB.
B pabote mpumeHsIIcsT BHIMUCIUTENbHBIN pipeline Ha ocHOBe Seurat IJIst MHTETPaIliy U KJIaCTepU3alluu JaH-
HBIX BBICOKOTO paspenreHust oT hCMV-cepono3uTuBHBIX (N = 5) U CepOHETaTUBHBIX (N = 2) MOHOPOB, a
Ttakke manueHToB ¢ COVID-19 (n = 2). Jlanusie ananu3upoBaiu B Seurat 5 (R) mocie KOHTposis KauecTna,
sHopmanm3anumn (SCTransform), mHTerpamum (Koppekuust batch-addekroB) n knacrepusaun (UMAP).
IMpoBonwiu ananu3 nuddepeHmanTbHON 9KCIpeccu reHoB (Kputepuu: Tect Bunkokcona, log2 FC > 0,25,
p-adj < 0,05) ¢ mocnenytouieit anHotauueir. Y hCMV-ceponmo3UTUBHBIX TOHOPOB BbISIBJIEHO 12 TpaHCKpPUII-
IIMOHHO pa3nnuHbIX KiactepoB NK-kinetok ¢ KLRC2 (NKG2C)-3aBucuMoii opraHnu3aimeii, riae oTaeabHbIe
KJIOHBI AEMOHCTPUPOBAIU JTUOO MOBBILIEHHBIN [IUTOTOKCUYECKUI oTeHMan (aktuauuss GZMB/GZMA),
JIMOO yHUKaJIbHbIE MPO(GUIN UHTMOUTOPHBIX pelenTopoB (BapuabenbHas skcrnpeccusi KIR). B ceponera-
TUBHOI rpyIire oOHapyxXeHa 0osiee MpocTasi KJIoHaJbHasi CTpyKTypa (9 KJIacTepoOB) C YMEHBIIEHHbIM pa3-
HooOpa3ueMm KIR, HO coxpaHeHueM XxapakTepHbIX 3(P(HEKTOPHBIX TEHETUUYECKUX CUTHATYpP. Y MallMeHTOB C
COVID-19 BoIsIBJIeHBI pa3IMUHbIE KJIOHAIbHBIE MATTEPHbI: Y OMHOTO HabJI0Aalach CHUXKEHHasl Bapradesib-
HocTh KL RC2 nipu BeipaxkeHHoI akcripeccun KLRCI (NKG2A), Torga Kak y Apyroro orMevajach retepo-
reHHocTh KIR 6e3 Bapmanuit KLRC2. Hamie uccienoBaHue NEMOHCTPUPYET CYIIECTBOBAHUE Pa3IUYHbBIX
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KioHaJIbHBIX Tonysiuuii NK-kinerok mpu hCMV-undekuuun n COVID-19, xapakTepu3yolxcsl I1uBep-
TEHTHOI dKCIpeccreil aKTUBUPYIOIIUX U MHTUMOUTOPHBIX pelienTopoB. [TonydyeHHbIe JaHHbBIE PacKPbIBalOT
MH(EKIIMOHHO-CIeIM(UIESCKYI0 TUHAMUKY KIOHAIBHBIX rTonyrsnuit NK-KIeTok, moguyepKuBasi UX agar-
TMBHBII OTeHIIMAI Yyepe3 nuddepeHIInaTIbHYI0 3KCIPECCUIO PELIEITOPOB B IIPOTUBOBUPYCHBIX OTBETAX.

Knrouegvie cnosa: NK-kaemxu, scRNAseq, hCMV, COVID-19, NKG2, KIR

ANALYSIS OF CLONAL NK CELL POPULATIONS USING
SINGLE-CELL TRANSCRIPTOMICS DATA
Ustiuzhanina M.O.>>¢<, Kovalenko E.I.?

@ Shemyakin—QOvchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Moscow, Russian
Federation

b Skolkovo Institute of Science and Technology, Moscow, Russian Federation

¢ Pirogov Russian National Research Medical University, Moscow, Russian Federation

Abstract. Natural killer (NK) cells represent a critical component of antiviral immunity, demonstrating
remarkable adaptability during infections such as human cytomegalovirus (hCMYV) and SARS-CoV-2. Recent
advances in single-cell transcriptomics have revealed the clonally expanding NK cell populations with distinct
functional profiles, blurring the traditional boundaries between innate and adaptive immunity. However, the
functional heterogeneity and immunological significance of these clones remain incompletely understood. Our
aim was to dissect clonal NK cell heterogeneity using published scRNA-seq datasets from hCM V-seropositive,
seronegative, and COVID-19 patients, focusing on cluster-specific gene expression patterns. Our computational
pipeline employed Seurat-based integration and high-resolution clustering of datasets from hCM V-seropositive
(n = 5) and seronegative (n = 2) donors, along with COVID-19 patients (n = 2). We analyzed datasets using
Seurat 5 in R. Quality-controlled data were normalized (SCTransform), integrated (batch-corrected), and
clustered (UMAP). Differential gene expression (Wilcoxon test, log2 FC > 0.25, p-adj < 0.05) and annotation
were performed. In hCMV-seropositive individuals, we identified 12 transcriptionally distinct NK cell
clusters exhibiting KLRC2 (NKG2C)-dependent organization, with specific clones showing either enhanced
cytotoxic potential (marked by GZM B/GZMA upregulation), or unique inhibitory receptor profiles (variable
KIR expression patterns). The hCMV-seronegative cohort displayed a simpler clonal structure with 9 clusters
showing reduced KIR diversity but maintained distinct effector gene signatures. Analysis of COVID-19 patients
revealed divergent clonal patterns: one patient showed reduced KLRC2 variability with prominent KLRC/
(NKG2A) expression, while another exhibited KIR heterogeneity without KL RC?2 variation. Our analysis
reveals distinct clonal NK cell populations in hCMV and COVID-19 contexts, characterized by divergent
expression of activating and inhibitory receptors. These findings demonstrate infection-specific dynamics of
clonal NK cell populations, highlighting their adaptive potential through differential receptor expression in
antiviral responses.

Keywords: NK cells, scRNAseq, hCMV, COVID-19, NKG2, KIR

The study was supported by the Russian Science
Foundation grant No. 24-75-10136.

Introduction

Natural killer (NK) cells play a critical role in
antiviral immune responses, including those against
human cytomegalovirus (hCMYV) [3, 7] infection and
severe acute respiratory syndrome (COVID-19) [5, 8,
9, 10]. In recent years, single-cell RNA sequencing
(scRNA-seq) has revealed the heterogeneity of NK

cells, including the existence of clonally expanded
populations with unique transcriptional profiles [6].

During CMV infection in both mice and humans,
memory NK cell populations emerge through clonal
expansion. In mice, the clonal nature of memory NK
cells was confirmed using retroviral barcoding with
fluorescent labeling to track individual Ly49H*NK
cells. After transfer into immunodeficient recipients
followed by mCMYV infection, these Ilabeled
Ly49H*NK cells underwent extensive proliferation,
with some clones exceeding 10,000 cells [2].
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In humans, clonal expansion of adaptive
NKG2C*NK cells were indicated by a distinct pattern
ofactivating KIR receptorsassociated with self-antigen
recognition [1]. Further insights were obtained using
mitochondrial DNA mutation tracking, a method
previously employed for clonal lineage analysis [4].
Notably, T. R ckert et al. demonstrated that many large
clusters identified by scATAC-Seq represent clonal
NK cells [6]. These findings highlight the ability of NK
cells to form clonal populations, aligning them more
closely with adaptive immune cells and underscoring
their role in long-term immune defense.

However, the detailed characterization of these
clones, including their functional properties and role
in immune responses, remains poorly understood. In
this study, we analyzed clonal NK cell populations
using published scRNA-seq datasets. We identified
and compared NK cell clusters in hCMV-seropositive
and seronegative donors, as well as in COVID-19
patients. Key differentially expressed genes associated
with NK cell function were also determined.

Materials and methods

Data sources

The analysis was performed using publicly available
single-cell RNA sequencing datasets obtained from
the Gene Expression Omnibus database under
accession numbers GSE197037 and GSE184329.

Initial data processing

Initial data processing involved standard quality
control measures to filter out low-quality cells,
including those with abnormally high mitochondrial
gene content or an insufficient number of detected
genes. The data were then normalized using the
SCTransform method implemented in Seurat 5. To
account for technical variation between different
samples and donors, we performed dataset integration
function in Seurat 5, which effectively corrects for
batch effects while preserving biologically relevant
variation.

Computational analysis

For dimensionality reduction and visualization,
we applied the UMAP algorithm with clustering
resolutions set to 1.5 for hCMYV datasets and 1.0 for
COVID-19 datasets to optimally identify distinct cell
populations. Differential gene expression analysis was
conducted using the Wilcoxon rank-sum test with
Benjamini-Hochberg multiple testing correction,
applying thresholds of absolute log2 fold change
greater than 0.25 and adjusted p-values below 0.05
for statistical significance. Identified genes were
subsequently annotated using Gene Ontology.

Software implementation

All analyses were conducted using R version 4.4.0,
primarily utilizing the Seurat 5 package for single-cell
data processing and analysis. Data visualization was
achieved through ggplot2, while data manipulation
and organization were performed using dplyr.

Results and discussion

Analysis of clonal NK cells in hCMV-seropositive
and seronegative donors

The initial phase of our investigation focused
on characterizing clonal NK cell populations
using publicly available single-cell transcriptomics
(scRNA-seq) data. We processed with the data from
T. Rckert et al. [6] that included NK cell profiles
from five hCMV-seropositive and two hCMV-
seronegative donors. The original study had examined
balanced mixtures of NKG2C* and NKG2C-NK cell
subpopulations (CD3-CD14-CD19-CD7") at a 1:1
ratio from each donor.

While following the general analytical approach
of the original study, we introduced modifications
including enhanced UMAP resolution parameters to
improve detection of clonal structures. This refined
analysis identified 12 distinct NK cell clusters in
hCMV-seropositive donors (Figure 1A, B), which
were consistently present across all individuals but
showed variable proportional representation. The
hCMV-seronegative cohort exhibited 9 clusters with
similar inter-individual variability (Figure 1C, D).

Focusing on clonal NK cell characterization, we
particularly examined functionally relevant genes. In
seropositive donors, UMAP separation was primarily
driven by KLRC2 expression (encoding NKG2C)
(Figure 1E). However, the 12 clusters demonstrated
additional transcriptional differences. For instance,
while both Cluster 2 and Cluster 0 showed low KLRC?2
expression, Cluster 2 displayed elevated CD38 and
CD1601evels, compared to Cluster 0. The upregulation
of those genes highlights the higher activation stage of
those NK cells. Additionally, Cluster 2 has shown the
downregulation of some inhibitory KIRs (KIR2DL3
and KIR3DL1) (Figure 1E). That may suggest that
such clusters of NK cells expressing different KIRs
receptors may belongs to originally different clonal
NK cells.

Among KLRC2-high clusters, Cluster 3 exhibited
markedly increased expression of cytotoxic effector
genes molecules GZM B and GZMA along with KLRG1
compared to Cluster 1 (Figure 1E). Thus, NK cells
from Cluster 3 are probably more cytotoxically active.

Simmilar gene expression patterns were observed
in seronegative donors (Figure 1F). While hCMV-
seropositive donors showed KL RC2-driven clustering,
seronegative donors lacked this pattern and had
reduced KIR expression (Figure 1F). However, all
clusters retained distinct NK cell-associated gene
signatures. (Figure 1F). Nevertheless, each cluster
displayed a unique combination of NK cell-associated
genes.

COVID-19 patient NK cell clonal analysis

We subsequently analyzed scRNA-seq data from
M. Witkowski et al. [11] on NK cell in COVID-19
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Figure 1. Single-cell RNA sequencing analysis of 5 hCMV-seropositive and 2 hCMV-seronegative donors from [6]

Note. A, UMAP projection of NK cells from 5 hCMV-seropositive donors showing donor-specific groupings. B, UMAP projection of NK cells
from 2 hCMV-seronegative donors displaying clusters for each donor in the integrated dataset. C, UMAP projection of NK cells from 2 hCMV-
seronegative donors illustrating donor groupings. D, UMAP projection of NK cells from 5 hCMV-seropositive donors showing clusters for each
donor in the integrated dataset. Heatmaps depict normalized expression values of NK cell-associated genes that were differentially expressed
in at least one cluster for (E) 5 hCMV-seropositive donors and (F) 2 hCMV-seronegative donors.

patients, selecting two patients with the highest
cell yields. After removing cells with elevated mito-
chondrial gene expression and erythrocyte conta-
minants, high-resolution UMAP projection revealed
13 clusters in the data from first donor and 11 from the
second (Figure 2A, B).

We performed comparable differential expression
analysis of NK cell-associated genes across these
identified clusters (Figure 2C, D). For Patient 1,
there was less variability in KLRC2 gene expression
compared to hCMV-seropositive donors, while
the expression of KLRCI (encoding the inhibitory

890



2025, T. 28, No 4 scRNAseq NK-kaemok
2025, Vol. 28, Ne 4 scRNAseq of NK cells

A B

6
25
3 ° 0
® 1 e 0
° 2 e 1
®3 ° 2
o~ 4 e 3
o ®5 o~ ° 4
g ° 6 g 00 5
S0 : é £ : z
° °
e 10 9
o 1 ° 10
o 12 o 11
e 13 25
-3
5 25 0 25 5 B0 2 0 2 4 6
umap_1 umap_1
c 11 D
12
0 1 2 3 4 5 678910/13 0 1 2 3 4 5 6 7 8 9101
_____-----IIII// N —— [l [ [
2 i, P e S
"}3‘5?‘ b fal i W il iy Ny ‘\ H:\I mu‘hu‘u H 1] I‘:‘le‘\ ‘1 fH “\M}\\ | %‘23 »”M "‘ J‘ | ‘J ‘”“2” L \H i h”M Al \IW} I MHJ J w‘" 1
m‘ J'\’H‘W”" \,\ i ’m’““\m\wl il ‘u"u!”“' e L3111 o7 L R A N 1 “'Ei:é‘, il ‘;W’\MH i V( IIII\HHH\‘\‘ uw ”W\ 1 18 ‘\”‘”'”I }u/‘ I ‘w‘ i nmu m‘ w” |
eSern Ll 4 hLE W A B R T | "”# L I A A ‘Mm ’\ Ol L‘
%Ei ,yulwhllu‘u‘m IUHII Huum (LRI [t \“H‘IHHI L 1 Il ‘Hupl o ‘i “I] ‘\‘ . K:m lH “I‘}IMIW \‘( | H H\ il HH I\‘HHI‘I “I IM‘ HHH\ W” HM b \M “\ Ww \‘
cozze | f INENETEE T 1 CEETR AT mul‘\ | Express|on ‘ ‘ ‘\‘ ‘\ 1 ‘ (i \H y ‘ ‘”M 1‘|\‘\‘\‘ | “ .
i i u‘u y \‘ bl h\mw HH‘IM\ i e i i } (i H‘\‘!w i .f “fm il \‘\ ‘H i Mtk ‘\ I n‘u\\'\\IlunmﬁumH"H ;‘\‘I\ ‘\‘4 Tt ! M Ll u“ Expzressmn
‘LI\E%: \h uh w \M (“ il ”‘m’l” M ’ W ‘”\”“‘ i \]\\ \\U w’ uf. \u \”[ ' Jw ‘\‘ IR i o WE:; IM “ ‘V\] Wi ‘ \‘HH | l\\\h\lh‘)l HHI ‘] ‘J | ‘H\ ‘“ I1
gy H‘\:‘ \\ \l‘nlt’x:u"mw uvu’ ‘/u \1 ‘w‘l\"m "{w il ‘,' T Mw 1 4 wer || m‘\m’nm w\\u H\HHH il U L \M\‘ r il o
PTEE‘; H‘Hl" U\[HII\I‘HI‘I ) m jin \ { LU ) ’ H HlHHl LT (IR \ m \“I\“l;I\HHI!M \l’f\‘ Ii . 2 ”GW w : I‘ { aas " o ” ”‘u \‘ H“ “H‘ “ “f ‘ H H‘k" ! ) i H” L .-1
e m TR i Lol X Em CALRTITERTVANT RN U R T JTE VRN (O HH N \HH Ul 2
2 WGBS IR e A ery e T it f J.VM A L A o
cmso J‘ Lt \‘ I‘\\ 1l mlnﬂuum a1 | ‘|‘E|:I\:‘w ! ) ‘I ‘l; ol AL TN “m“u“ l‘ | “‘i 1‘ : ; T{EE}%Z‘% ‘ I \‘MI‘II ‘HH‘ 'I‘\:‘I\\ I‘ ‘”Il"‘ l ‘HHIIH‘ ‘: Iql i‘\“l"m\‘IM w\w’\\ \’I\I HH \‘\1 “‘\‘ \‘ ml i W ° 0 W
ot h\”‘u‘ u\h qll | JNILY \{Hu\ h\‘u il ‘IVI\ | \‘HH‘IPN\H‘ “Mh‘ \/ : 5 EDZ I NIHH‘J I HI\H ‘\ I HHH‘I\H H 11 ‘IH\H I | !
m@;ﬂ; N‘Wﬂ H‘[m‘m‘f IU IJ\ (HHIHM ”\’\‘W}‘,“w"\" : Wi"w‘l” :l‘\‘\‘ L;“u‘\mHi‘{‘fvsy:‘”"‘m “‘I‘M" \‘ | I GZ’,Q': kR ”‘M & ‘J' I“ 11 i !”‘ HM\W\‘ (it i
%.H ,W. QA0 g i o5 ‘?im il | 1 || i 4 UG 4
::; :Il}\‘u‘u:‘:\l]‘ Mil‘\‘lw "’ ‘\Mu( \‘I‘ill‘\‘ It !ul 1y J‘\’ ‘Jw ' I‘w :\‘u I\I\mqu ’M | :‘ : 3 ml‘m‘““ ‘l‘ ‘ LR ‘\H I “I ”uf H”I\I;'j \M‘NM‘I ‘WH\‘H \“ Iy ”H 1 | ‘H “ I Z
e ! JIH |l L R L B e et A : I ‘\‘ iy \ 7
i ! finfyhight™ Jo ) i o | ‘ I ‘ ” l
I ‘”‘H‘m" il (i, A (it \Nu m\us\/ h“O IR s | B s 11 \l\Hw“\‘JI\‘I‘HH\ I ‘W”‘H' i ‘\‘uu”\“\” il uﬁimw‘u il 8
s hh"/f () Jl” a1 i I l»‘w“upd'vf TTRINE il “”‘w Nl e 10 EES R Wl LH alla ‘hJ “\H I i HM Wl 9
gas | L g (i ’\ I it 1 11 i ‘um‘ “‘ ”H‘ TN m\h B o M ggtjs " 1 \ ‘ 1 ‘ JWWH“ \ H w | 10
S ol el v o il . 12 s i i) o T A il L ! Ul
& ‘ ”\h AI‘ : ] IM”\MIK " 1 i i SEE“ [ o Yl oy ! 1SR H‘"W\‘l\l”‘”\‘ﬂln bR, ‘\‘\‘1‘”\\”
CCRT 1
ngg;? g Il JLTRATN TR AR (TR T i b [Hl\ LAY ) n ) i L §) | gg:: H ‘
%%% 1]| AR ’1 b ,\‘\“‘;‘m" R ; i “‘w bl P i HV\ by | " ?%EE% \}H” i ”J\H\h\‘”\\lm\ ‘W\”\'u“! il ‘HH\ w”w { s T AR \‘\Hm‘l
s | I [ OXCRe T (LRI TS (U THRETTE T T
am il 1 1 xcRs
%&Ez\ Al ‘\‘ e P bl Itlﬂrnm P b ‘\H ATRIEEE oo | f oo (RN QT TR T ll‘ 1) ‘\I\ 1y M\\I”M\ Lo I’ 1 FIIUIH\.\ (i
B ! 9 i THHM b by I I I il “n!m ‘f “”‘x sm : uif \‘ \l‘mmn TR M fne T I ]\ A T
mzul un\‘m\ll\ WA R D e y‘ W T i Hi '“’“ i il ”\‘HIH il —

Figure 2. Single-cell RNA sequencing analysis of NK cells from two patients from [11]

Note. UMAP projections showing NK cell clusters for (A) patient1 and (B) patient 2. Heatmaps display normalized expression values of NK cell-
associated genes differentially expressed in at least one cluster for (C) patient 1 and (D) patient 2.

NKG2A receptor) was more pronounced (Figure 2C).  Conclusion

Additionally, fewer KIRs were variable compared to ) ) .
hCMV-seropositive donors (Figure 2C). Moreover, Thus, our study revealed the infection-specific
Patient 2 did not show any variability in KLRC1 dynamics of clonal NK cell populations, highlighting
expression, while exhibiting high expression of KIRs, their adaptive potential through differential receptor
which varied among the clusters (Figure 2D). expression in antiviral responses.
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