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Abstract

Background. Natural killer (NK) cells represent a critical component of
antiviral immunity, demonstrating remarkable adaptability during infections such as
human cytomegalovirus (hCMV) and COVID-19. Recent advances in single-cell
transcriptomics have uncovered the existence of clonally expanded 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.

Aim. This study aimed to dissect clonal NK cell heterogeneity using published
scCRNA-seq datasets from hCMV-seropositive, seronegative, and COVID-19
patients, focusing on cluster-specific gene expression patterns.

Methods. Our computational pipeline employed Seurat-based integration and
high-resolution clustering of datasets from hCMYV-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, log2FC > 0.25, p-adj < 0.05) and annotation were
performed.

Results. 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
GZMBI/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 KLRC1
(NKG2A) expression, while another exhibited KIR heterogeneity without KLRC2
variation.

Conclusion. 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
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Pesrome

BBenenne. EcrectBennbie kuiuiepbl (NK-KeTKH) SIBASIOTCS KIIFOYEBBIM
KOMITOHEHTOM MPOTUBOBUPYCHOTO HMMYHHTETA, IEMOHCTPUPYS UCKIIOUNUTEIbHYIO
aIalITUBHOCTD MPHU TaKUX MHPEKIHUAX, KaK uToMeranoBupyc uenoseka (hCMV) u
COVID-19. CoBpemennbie MeToabl single-cell TpaHCKPUIITOMHUKH BBISBUIU
CyLIECTBOBAHME  KJIOHAJIBHO  paclIMpeHHbIX nonyisiqud  NK-kimetok ¢
YHUKAJIbHBIMU  (DYHKIIMOHAJTBHBIMU TPO(PWISIMH, YTO CTUPAET TPATUIMOHHBIC
IPaHULIBl  MEXKIY BPOXKIEHHBIM U  aJanTUBHBIM HMMYyHUTETOM. (OJIHaKO
GbyHKIMOHATBHAS T€TEPOr€HHOCTh 1 UMMYHOJIOTHYECKasi 3HAUMMOCTh 3TUX KJIOHOB
OCTAIOTCSl HEIOCTATOYHO U3YUYEHHBIMH.

Hean. JlanHoe wucclieoBaHWE HANpPaBICHO HA AaHAIW3 KIOHAJHHOM
rereporeHHoCcT NK-KJIeTOK ¢ NCIOIb30BaHUEM OITyOJIMKOBAaHHBIX JaHHBIX SCRNA -
seq oT hCMV-cepono3uTuBHBIX, CEpPOHETATUBHBIX JOHOPOB M TMAIIMEHTOB C
COVID-19, ¢ akuieHTOM Ha KJacTep-crenuduueckre naTTepHbl SKCIIPECCHH TEHOB.

Metoasl. B pabote npuMeHsics BBIYMCIUTENBHBIN pipeline Ha ocHOBe Seurat
JUISL MHTETpallMi U KJIACTepU3alUKd JaHHBIX BBICOKOro paspemieHuss or hCMV-
CEPOMO3UTUBHBIX (N=5) U CEpOHEraTUBHBIX (N=2) JOHOPOB, a TAKXKE MALIUEHTOB C
COVID-19 (n=2). Jlamubie anamm3upoBain B Seurat 5 (R) mocie KoHTpoJs
kadecTBa, Hopmanu3anuu (SCTransform), wuHTerpanum (koppekuus batch-
sbdextoB) u kinacrepuzauuu (UMAP). [lpoBogunu ananus nuddepeHnuanbHon
AKCIIpeccuu TeHoB (kputepuu: Tect Bunkokcona, log2FC > 0.25, p-adj < 0.05) ¢
MOCIICAYIOIIEH aHHOTAllUEM.

Pesyabtartbl. Y hCMV-cepono3uTUBHBIX JOHOPOB  BBISBIEHO 12
TpaHCKPUNIIMOHHO pa3nuuHbiX KiactepoB NK-kierok ¢ KLRC2 (NKG2C)-
3aBHUCHUMOM OpraHu3alliel, TIJe OTHENbHbIE KJIOHBI JIEMOHCTPUPOBAIM JIHMOO
MOBBIIICHHBIN ITUTOTOKCHYECKUM moTeHiuan (aktuBanusi GZMB/GZMA), mu6o
YHUKaJIbHbIE TPO(HIN MHTMOMTOPHBIX PELENTOpOB (BapuabenbHas SKCIPEccus
KIR). B ceponeratuBHOM rpyIme oOHapyxeHa OoJiee MpocTas KIOHaJIbHas
CTpYKTypa (9 KiactepoB) ¢ yMeHbIIeHHbIM pazHooOpasueM KIR, HO coxpaHeHuem
XapaKTePHBIX dPPEKTOPHBIX TeHETHYECKNX CUTHATYp. Y maruentoB ¢ COVID-19
BBISIBJICHBI PA3JIMYHbIE KIIOHAJIBHBIEC MATTEPHBL: Y OJJHOTO HA0JII01a]1ach CHUKEHHAs
BapuabenbHocTh KLRC2 npu BeipaskenHol skcnpeccun KLRC1 (NKG2A), Torna
KaK y apyroro ormeuanachk rereporeHHocts KIR 6e3 Bapuanuii KLRC2.

3akimrouenune. Hame wuccnenoBaHne JAEMOHCTPUPYET CYLIECTBOBAaHHE
pa3snTUYHBIX KIOHATBHBIX nomyssiiuil NK-kinerok mpu hCMV-undexnuu u COVID-
19, xapakTepu3yroUMXcsl JUBEPICHTHOM SKCHPECCHEW AaKTUBHPYIOIIUX U
MHTHUOUTOPHBIX penentopoB. [loiydeHHble NaHHbIE PAaCKpPhIBAIOT MH(EKIMOHHO-
cenu(pUUecKyro JMHAMUKY KJIOHAJIbHBIX nomyssiuil NK-kietok, moguepkuBas ux
aJanTUBHBIM MOTEHUUAN 4epe3 Au(depeHIMaIbHYI0 IKCIPECCUI0 PELENTOPOB B
MPOTUBOBUPYCHBIX OTBETAX.

KmoueBbie ciaoBa: NK-kimetku; SCRNAseq; hCMV; COVID-19; NKG2;
KIR.
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1 Introduction

Natural killer (NK) cells play a critical role in antiviral immune responses,
including those against human cytomegalovirus (hCMV) [3,7] infection and severe
acute respiratory syndrome (COVID-19) [5,8-10]. 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 mCMV infection, these labeled Ly49H" NK cells underwent extensive
proliferation, with some clones exceeding 10,000 cells [2].

In humans, clonal expansion of adaptive NKG2C* NK cells were indicated by
a distinct pattern of activating KIR receptors associated with self-antigen recognition
[1]. Further insights were obtained using mitochondrial DNA mutation tracking, a
method previously employed for clonal lineage analysis [4]. Notably, Riickert et al.
demonstrated that many large clusters identified by scCATAC-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.

2 Materials and methods

1. 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.

2. 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.

3. Computational Analysis

For dimensionality reduction and visualization, we applied the UMAP
algorithm with clustering resolutions set to 1.5 for hCMV 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
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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.
4, 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.

3 Results and Discussion

1. 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 Riickert 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 KLRC2 expression, Cluster 2 displayed elevated
CD38 and CD160 levels, 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 molecules GZMB 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 KLRC2-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.
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2. COVID-19 Patient NK Cell Clonal Analysis

We subsequently analyzed scRNA-seq data from Witkowski et al. [11] on NK
cell in COVID-19 patients, selecting two patients with the highest cell yields. After
removing cells with elevated mitochondrial gene expression and erythrocyte
contaminants, 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 KLRCL1 (encoding the inhibitory NKG2A receptor)
was more pronounced (Figure 2C). Additionally, fewer KIRs were variable
compared to hCMV-seropositive donors (Figure 2C). Moreover, Patient 2 did not
show any variability in KLRC1 expression, while exhibiting high expression of
KIRs, which varied among the clusters (Figure 2D).

Acknowledgments. The study was supported by the Russian Science
Foundation grant Ne 24-75-10136.
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PUCYHKHA

Figure 1. Single-cell RNA sequencing analysis of 5 hCMV-seropositive and 2
hCMV-seronegative donors from [6]. (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.
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Figure 2. Single-cell RNA sequencing analysis of NK cells from two patients from
[11]. UMAP projections showing NK cell clusters for (A) patientl 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.
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