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Decoding the multifaceted cellular
and transcriptomic variations of
natural killer cells generated from
patients with Parkinson’s disease

Xinyi Yue'®, Qianwen Hu%®, Haoyang Cheng?, Gang Su*, Jiuzhou Diao3, Yansheng Du?,
Pengrui Fu?, Ping Wang?, Leisheng Zhang®*“ & Qingbo Zhou”**

Parkinson’s disease (PD) is an intractable progressive neurodegenerative disease with poor prognosis
in elder patients, which is largely attribute to the deficiency of ultimate pathogenesis. Longitudinal
studies have indicated a pivotal role of natural killer (NK) cells, yet the systematic and detailed
information of circulating NK cells in PD is largely unknowable. To explore the role of NK cells in

PD, we isolated mononuclear cells from peripheral blood (PBMCs) by Ficoll-based density gradient
centrifugation, and detected the content of total resident NK cells in healthy donors (HD-NKs) and
PD patients (PD-NKs) and the concomitant subsets by flow cytometry (FCM) assay. Then, we took
advantage of our well-established “3ILs"-based strategy for ex vivo NK cell expansion and activation,
and followed by cellular viability and cytotoxicity assessment. By conducting RNA-sequencing
(RNA-SEQ) and multifaceted bioinformatics analyses, we compared the transcriptomic signatures

of expanded HD-NKs and PD-NKs. Compared to HD-NKs, PD-NKs showed increase in resident NK
cells but minimal differences in expanded NK cells, together with diversity in the subpopulations of
NK cells (CD16*, NKG2D*, NKp46*). Interestingly, PD-NKs revealed a moderate higher percentage of
apoptotic cells and cytotoxicity upon the co-cultured Nalm6 and U937 tumor cell lines. Despite with
high conservations in gene expression pattern and genetic variations, PD-NKs revealed multifaceted
diversity in gene set-associated immune response and metabolism. Overall, our data revealed

the multidimensional biological and transcriptomic signatures of resident and expanded NK cells
generated from peripheral blood of PD patients and HDs. Our findings would provide new references
for the further development of NK cell-based biomarkers for PD diagnosis and novel immunotherapy
for neurodegenerative diseases.
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Abbreviations

PD Parkinson’s disease

NKs Natural killer cells

GOBP Gene ontology biological process

KEGG Kyoto encyclopedia of genes and genomes
GSEA Gene set enrichment analysis

PCA Principal component analysis
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PBMCs Peripheral blood-derived mononuclear cells
HD-NKs Healthy donor-derived NK cells

PD-NKs PD patient-derived NK cells

RNA-SEQ  RNA-sequencing

rPD-NKs resident PD-NKs

rHD-NKs  resident HD-NKs

PCA principal component analysis
DEGs Differentially expressed genes
VSEs Variable shear events

Parkinson’s disease (PD), characterized by bradykinesia and tremor, has been recognized as the second most
common neurodegenerative disease worldwide!2. The incidence of PD is increasing as population aging, and
the risk is twice in men than women?®. The main pathological features of PD are progressive loss of dopaminergic
neurons in the substantia nigra and other brain regions, abnormal aggregation of a-synuclein (a-syn) in residual
intraneuronal and intra-axonal (Lewy bodies and Lewy Neurites), and neuroinflammation induced by activation
of microglia in PD patients*. The condition is characterized by motor symptoms, including bradykinesia, rigidity
and tremor, and a plethora of non-motor disturbances. There are neither clinical biomarkers for the early detection,
diagnosis, or prognostic evaluation of PD, nor a cure for the disease, and at this stage the mainstay of symptom
relief is through anti-PD medications. Although dopamine replacement therapy can rescue key neurochemical
deficits in motor symptoms such as bradykinesia, rigidity, and tremor through exogenous supplementation to
improve motor symptoms, there are currently no available therapies to slow disease progression or prevent long-
term disabling complications such as postural instability, falls, and dementia, which are major causes of disability
and poor quality of life for people with PD®. Therefore, the exploration of biomarkers related to PD diagnosis
and disease-modifying therapies to slow or stop disease progression may be an urgent medical need in the field
of PD in future.

Longitudinal studies have shown that genetic factors play an important role in the development of PD. More
than 100 susceptibility genes and SNP loci have been reported to be associated with the development of PD®,
and patients with PD often harbor the coexistence of multiple common high-risk variants and rare or de novo
variants, and PD is often facilitated by the combination of multiple minimally effective genes. The pathogenesis
of PD is a series of pathophysiological changes under the combined effect of genetic predisposition factors
and environmental risk factors!”. State-of-the-art renewal has indicated the involvement of immune system
responses and neuroinflammation in the pathogenesis of PD, and immunoinflammatory modulation therapy
provides a possible target for alleviating the progression of PD%°. Meanwhile, PD patients showed decline in
humoral immune responses and cellular immune responses!®!!. For instance, differ from those with anti-
inflammatory drug and immunosuppressant treatment, patients with autoimmune disease reveal an increasing
risk of PD, which is confirmed by multifaceted bioinformatics analyses including the common molecular
pathways and polygenic risk variants, together with specific loci variations and activated microglia in the brains
of PD patients'>1?,

Natural killer (NK) cells, comprising the cytotoxic CD3-CD564™CD16M8" and IFN-y-producing CD3-
CD56M8"CD16* subpopulations, are pivotal members of the innate lymphoid cells (ILCs) family with
spontaneous anti-microbial infection, tumor-killing capacity, formation of immunological memory, and
endocytosis of extracellular proteins'*!>. As the key component of innate immune cells, NK cells play a pivotal
role in both innate and adaptive immune responses for the maintenance of spatio-temporal homeostasis and the
local microenvironment without presensitization!®17,

In recent years, researchers have focused on the possible link between NK cells and PD for two main reasons.
On the one hand, numerous studies have indicated the association of NK cell activity with neurological disorders,
especially demyelinating disorders including PD. On the other hand, investigators in the field have demonstrated
the interaction between NK cells and a-syn in PD animal models, which facilitats the hypothesis that the
neuronal degenerative pathological changes in patients with PD may interact with immune abnormalities'®1°.
Current literatures have indicated the immunomodulatory and neuroprotective effects of NK cells attribute to
their migration to the central nervous system (CNS) and the concomitant suppression of the self-reactive T cell
hyper-activation®. Of note, NK cells have been employed as an immunotherapeutic approach for glioblastoma,
suggesting their potential as a novel therapeutic regimen for CNS disorders?!. Meanwhile, the accumulation of
NK cells in the brains and CNS parenchyma of PD patients prior to the degeneration of dopaminergic neurons
indicate the involvement of NK cells during PD progression?>?3. Encouraging evidence has highlighted the
mitigating effect of NK cells upon chronic inflammation like PD when migrating to the brain via the disrupted
blood-brain barrier by suppressing brain tissue inflammation and abnormal protein aggregation?*. However, the
systematic and detailed dissection of the biological and transcriptomic signatures of NK cells in PD are largely
obscure.

For the purpose, we isolated PBMCs from HDs and PD patients, and compared the cytophenotypic
characteristics of resident HD-NKs and PD-NKs. Meanwhile, with the aid of our well-established “3ILs”-based
strategy, we further verified the biological and transcriptomic signatures of expanded HD-NKs and PD-NKs.
Taken together, our data indicated the multifaceted conservations and variations of HD-NKs and PD-NKs both
at the cellular and molecular levels, including the contents of subpopulations, cellular viability, ex vivo activation
and cytotoxicity, gene expression pattern, and genetic variations. Collectively, our findings provided novel
references for further dissecting the features of HD-NKs and PD-NKs in future.

Scientific Reports |

(2025) 15:42750 | https://doi.org/10.1038/s41598-025-26756-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Materials and methods

Subjects and samples

Peripheral blood samples were collected from 7 PD patients (male, 2; female, 5; age, 54-75 years) and 5 HDs (male,
3; female, 2; age, 53-74 years). All individuals signed informed consents according to Declaration of Helsinki.
The study was approved by the Ethical Committee of The Second Hospital of Shandong University (approval no.:
KYLL-2023LW050). The detailed information of PD patients and HDs was listed in Supplementary Information:
Supplementary Table S1-S2.

PBMC isolation and NK cell culture

PBMCs in PD patients and HDs were isolated from peripheral blood by Ficoll-based density gradient
centrifugation (Tianjin Haoyang Biological Products Technology Co. LTD, China) as we recently reported®*>.
For ex vivo NK cell expansion and activation, the PBMCs were cultured in NK MACS Medium (Miltenyi Biotec,
Germany) supplemented with 1% NK MACS Supplement (Miltenyi Biotec, Germany), 5% human AB serum
(Sigma-Aldrich, St Louis, MO, USA), 1% penicillin/streptomycin (Thermo Fisher Scientific, USA), 1000 U/ml
rhIL-2 (PeproTech Inc, USA), 10 ng/ml rhIL-15 (PeproTech Inc, USA) and 50 ng/ml rhIL-18 (R&D Systems,
USA) at 37 'C, 5% co,. The cells were culturedina 37 'C, 5% CO, incubator for 14 days. The culture medium was
replaced every 2-3 days, and the cells were gently mixed by pipetting with a micropipette>*?°. Cell counts were
performed for each well at Day 0, Day 7, and Day 14 of the culture, and the cell plates were photographed under
a microscope to record the cell morphology. The list of the indicated cytokines was available in Supplementary
Information: Supplementary Table S3.

Flow cytometry (FCM) analysis

FCM assay was conducted as we recently described*>*’. The resident NK cells in peripheral blood and expanded
NK cells after the 14-day’s ex vivo stimulation were harvested and washed with 1xPBS (Solarbio, China) for
twice. Then, the cells were incubated with fluorescence-conjugated antibodies in dark for 30 min. Finally, the
cells at the indicated time potints were washed with 1x PBS (Solarbio, China) for twice, and detected by Canto II
and FlowJo V10.0 (BD, USA) and analyzed by FlowJo V10.0 (BD, USA). The information of the antibodies was
listed in Supplementary Information: Supplementary Table S4.

Cell counting of NK cells

Total cell counting was accomplished by utilizing trypan blue staining (Sigma-Aldrich, StLouis, MO, USA)
under the phase contrast microscope (Thermo FisherScientific Company, USA). The percentages of total NK
cells (CD3°CD56") and total activated NK cells (CD3"CD56*CD16") were analyzed by Canto II and FlowJo
V10.0 (BD, USA). The number of NK cells was calculated according to the formula: Total number of NK cells
= total cell number x the percentage of NK cells, Fold change of NK cells = total NK cells at Day 14 / total NK
cells at Day 0 x 100%.

Apoptotic analysis of NK cells

Cell apoptosis of HD-NKs and PD-NKs was performed as we recently described with serveral modifications
In brief, 1x10° cells were washed with precooled (Solarbio, China) for twice and incubated in 100 pL 1 x Binding
Buffer (Solarbio, China). Then, the cells were incubated in Annexin V-FITC (Solarbio, China) for 10 min and
7-AAD solution (Solarbio, China) for 5 min in dark, respectively. Finally, the percentages of apoptotic cells in
HD-NKs and PD-NKs were measured by FACS Canto II (BD Biosci, USA) and FlowJo 10.0 software (Tree Star,
USA).

25,27

Cell cycle assessment of NK cells

Cell cycle of HD-NKs and PD-NKs was verified as we described before??. Briefly, HD-NKs and PD-NKs were
precooled in 70% (v/v) ethanol, and then fixed overnight at 4 ‘C. Then, the cells were washed with 1 x PBS
(Solarbio, China) at 4 “C for twice. Then, the cells were incubated with Propidium Iodide (PI) staining solution
for 30 min at 37 ‘C, and turned to BD LSRII (BD Biosci, USA) and ModFit software (Verity Software House Co.
Ltd, USA) for FCM analysis.

The assessment of ex vivo NK cell cytotoxicity

The cytotoxicity of HD-NKs and PD-NKs was assessed as we reported?®?°. The tumor cell lines (K562, Nalmé,
U937) were cultured in RPMI-1640 basal medium (Gibco, USA) supplemented with 10% FBS (Gibco, USA) at
37 C, 5% CO, as we recently described*®?®. For the assessment of NK cell cytotoxicity, the indicated tumor cells
were labelled with CellTrace Violet (tested with BV421 laser channel, Invitrogen, USA), and then solely (negative
control, NC) or co-cultured with PD-NKs or HD-NKs at the indicated effector-to-target ratio (E: T=1:5). 8 hr
later, the cells were incubated with the indicated antibodies (anti-CD3-FITC, ant-CD56-APC, anti-CD-107 PE
and 7-AAD). Finally, the cells were resuspended in 200 puL 1 x PBS (Solarbio, China) with 5 pL Precision Count
Beads (BioLegend, USA), and then turned to FACS Canto II (BD Biosci, USA) and Flow]Jo 7.0 software (Tree
Star, USA) for analysis. Cytotoxic activity of NK cells was calculated according to the formula: Cytotoxicity =
(1-N,/N;) x 100%. N, and N, represent the total number of living tumor cells in the experimental group and in
the control group, respectively.

RNA-SEQ and bioinformatics analyses

Total mRNAs in HD-NKs and PD-NKs were prepared as we reported before by utilizing the TRIzol reagent
(Invitrogen, USA) according to the manufacturer’s instructions?*. Then, the mRNAs were qualified by
NanoDrop (Thermo) and sequenced by Novogene (Tianjin, China). For the comparison of the gene expression
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pattern and genetic variation between HD-NKs and PD-NKs, multifaceted bioinformatics analyses were
conducted as we reported before3*-32. KEGG analysis is conducted by using the commercial BGI system (https:/
/biosys.bgi.com/#/report/login) rather than the KEGG software from the Kanehisa laboratory (www.kegg.jp/fee
dback/copyright.html). The differentially expressed genes (DEGs) between HD-NKs and PD-NKs were listed in
Supplementary file 2: Supplementary Table S5.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 6.0 (GraphPad Software, USA) software as we reported
before?>3334, One-way ANOVA assay was performed for the comparison among three groups, while two different
unpaired groups was conducted with unpaired t test. All data were indicated as means + SEM (N=3 independent
experiments), and significant statistical difference was considered only when P<0.05. *, P<0.05; **, P<0.01; ***,
P<0.001; **** P<0.0001; NS, not signiﬁcant.

Results

Resident PD-NKs in PBMCs revealed diversity in the content of subpopulations

To verify the cytophentypoic characteristics between HD-NKs and PD-NKs, we enriched mononuclear cells
from the corresponding peripheral blood (PBMCs) by utilizing the Ficoll-based density gradient centrifugation.
Then, with the aid of flow cytometry (FCM) and statistical analysis, we found resident PD-NKs (PD-NKs
(d0)) revealed higher proportion over HD-NKs (HD-NKs (d0)) (Figure 1A-1B). Furthermore, we found the
percentage of total activated CD3"CD56*CD16* PD-NKs and the indicated subpopulations (NKG2D*, NKp46*,
CD16" ) were higher than that in the HD-NKs, whereas the subsets of NKp44* PD-NKs showed moderate
decline instead (Figure 1C-1D). Meanwhile, we also observed the higher percentage of CD3*CD8* T cells in the
PD-NK group, whereas the decline in the proportion of CD3*CD4* T cells (Figure 1E). Additionally, minimal
differences were observed in the percentages of CD3* total T cells and CD3*CD56* NKT-like cells between the
indicated groups (Figure 1E). Taken together, our data indicated the diversity in the content of NK cells as well
as relative immune cells in the peripheral blood of PD patients.

Expanded PD-NKs showed moderate decline in content and diversity in the subpopulations
To further dissect the potential variations of PD-NKs, we took advantage of our well-established “3ILs”-based
strategy for ex vivo NK cell expansion and activation, and observed the increase in the emergency of cell
aggregates and unicellular number in the PD-NK group (Figure 2A-2B). With the aid of FCM analysis, we
found the percentage of total expanded PD-NKs (PD-NK (d14)) and HD-NKs (HD-NK (d14)) showed minimal
differences in content (Figure 2C-2D). Differ from the total activated CD3"CD56*CD16* NK cells, we found
the percentage of the indicated subpopulations (NKG2D", CD16*) in the PD-NK (d14) group was higher than
that in the HD-NK (d14) group, the percentage of the indicated subpopulations (NKp44+*, NKp46*) in these
two groups showed minimal differences in content . Whereas the percentage of the indicated subpopulations
(NKG2D*, CD16%,NKp44*, NKp46*) in the expanded-NK (d14) group was higher than that in the resident-NK
(d14) group, respectively (Figure 2E-2G). Collectively, these data showed the variations in the content of total
NKs and the indicated subsets between HD-NKs and PD-NKs after ex vivo expansion and activation.

PD-NKs revealed moderate increase in apoptosis and similarity in cytotoxicity with HD-NKs
To verify the similarities and differences in cellular viability, we turned to apoptotic analysis and found that the
expanded PD-NKs (PD-NKs (d14)) showed increase in the percentage of 7-AAD Annexin V* and Annexin
V* apoptotic NK cells compared to that in HD-NKs, whereas with minimal differences in the percentage of
7-AAD*Annexin V* apoptotic NK cells (Figure 3A-3B). As shown by the FCM diagrams, the percentage of
expanded PD-NKs in the S and G,/M sub-stages of cell cycle was moderately higher than that in the HD-NK
(d14) group, whereas those in the G /G, sub-stage showed an opposite pattern (Figure 3C-3D).

Subsequently, we tried to verify the in vitro cytotoxicity of the expanded PD-NKs and HD-NKs by co-
culturing with the indicated tumor cell lines. As shown by Figure 3E-3F, the proportion of PD-NKs with
CD107a expression were higher than those in the HD-NK group against Nalmé cell line, whereas with minimal
differences in the expression of CD107a against K562 and U937 cell lines. Notably, we found the percentages
of living tumor cells (K562, Nalm6 and U937 cells) in the HD-NK (d14) group were higher than those in the
PD-NK (d14) group (Figure 3G). Consequently, compared to the HD-NK (d14) group, the PD-NK (d14) group
revealed moderate higher cytotoxicity against K562, Nalmé and U937 cells (Figure 3H). Collectively, our data
indicated the diversity of HD-NKs and PD-NKs in the distributions of sub-stages of cell cycle and apoptotic
cells, together with the ex vivo cytotoxicity.

PD-NKs and HD-NKs exhibited diversity in gene expression profiling

Having illuminated the multifaceted biological properties, we next turn to dissect the gene expression pattern
between HD-NKs and PD-NKs. By conducting RNA-sequencing and bioinformatics analyses, we noticed the
conservation in the distribution of gene expression pattern between the HD-NK (HD-NK-1, HD-NK-2, HD-
NK-3) and PD-NK groups (PD-NK-1, PD-NK-2, PD-NK-3) according to the accumulation map and box plot of
gene expression (Figure 4A-4B). With the aid of principal component analysis (PCA) and correlation analysis,
we observed the differences in affinity between HD-NKs and PD-NKs (Figure 4C-4D).

Simultaneously, numerous differentially expressed genes (DEGs) were observed between HD-NKs and
PD-NKs according to the volcano plot and hierarchical cluster analysis (Figure 4E-4F). As shown by gene
ontology biological process (GOBP) analysis, the DEGs were mainly involved in diverse bioprocesses such as
angiogenesis, immunoregulation, metabolism and extracellular matrix organization (Figure 4G). KEGG analysis
is accomplished by utilizing the BGI system (https://biosys.bgi.com/#/report/login). As suggested by high-thr
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Figure 1. Comparison of the phenotypic features of resident HD-NKs and PD-NKs (A-B) Representative
FCM diagram (A) and statistical analysis (B) of total resident CD3 CD56" NKs in PBMCs of PD patients and
healthy donor (HD). (C-D) Representative FCM diagram (C) and statistical analysis (D) of the subpopulations
(CD16*, NKG2D*, CD25% NKp44*, NKp46*) in resident HD-NKs (d0) and PD-NKs (d0). (E) statistical
analysis of total CD3" T cells, CD3*CD56" NKT cells, CD3*CD4" T cells, and CD3*CD8* T cells in PBMCs
of PD patients and HD. All data were shown as Mean + SEM (N=3 independent experiments). ¥, P<0.05; **,
P<0.01; NS, not significant.
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Figure 2. Comparison of the phenotypic features of expanded HD-NKs and PD-NKs (A) Representative
morphology of PBMCs-derived NKs at the indicated time points (day 0, 7, 14) during the 14-days’ ex vivo
induction. Scale bar=100 um. (B) Fold change of NK cells in the HD-NK group and the PD-NK group. (C-D)
Representative FCM diagram (C) and statistical analysis (D) of total expanded CD3 CD56* NKs after the
14-day’s induction in the indicated groups. (E-F) Representative FCM diagram (E) and statistical analysis

(F) of the subpopulations (CD16*, NKG2D*, CD25*, NKp44*, NKp46*) in the expanded HD-NKs (d14) and
PD-NKs (d14). (G) Statistical analysis of resident (d0) and expanded (d14) NK cells in the HD-NK group and
the PD-NK group. All data were shown as mean + SEM (N=3 independent experiments). NS, not significant; *,
P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.

oughput histology KEGG analysis, we found that DEGs are potentially involved in signaling pathways related
to actin cytoskeleton regulation, cytokine-cytokine receptor interactions, Th17 cell differentiation, and antigen
processing and presentation, which is consistent with our clinical observations, but due to the small sample size,
we did not see a statistically significant difference (Q > 0.05), which can be followed up with increased sample
size to further validate (Figure 4H). Therefore, these data indicated the multifaceted signatures of PD-NKs and
HD-NKs in gene expression pattern.
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Figure 3. Comparison of the cellular viability and the ex vivo cytotoxicity of expanded HD-NKs and PD-
NKs (A-B) Representative FCM diagrams (A) and statistical analysis (B) of the percentages of apoptotic

NKs in expanded HD-NKs and PD-NKs at day 14. (C-D) The representative distribution (C) and statistical
analysis (D) of expanded HD-NKs and PD-NKs in the indicated sub-stages of cell cycle. (E-F) Representative
FCM diagram (E) and statistical analysis (F) of CD107a* expanded HD-NKs and PD-NKs in co-culturing
with the indicated tumor cell lines (K562, Nalm6, U937) at the effector-to-target ratios (E: T=1:5). (G-H)
Comparison of the ex vivo cytotoxicity of the expanded HD-NKs and PD-NKs against the indicated tumor cell
line on the basis of BV-421* cells (G) and living of tumor cells (H). All data were shown as mean + SEM (N=3
independent experiments). NS, not significant; *, P<0.05; **, P<0.01; ***, P<0.001.

PD-NKs exhibited diverse genetic variations with HD-NKs
To further elucidate the potential similarities and differences at transcriptomic level, we turned to GSEA and
observed that HD-NKs and PD-NKs showed significant differences in gene sets associated with immune
response (e.g., INF-a, IEN-y and complement), metabolism (e.g., bile acid metabolism, fatty acid metabolism)
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Figure 4. Gene expression profiling of expanded HD-NKs and PD-NKs (A-B) The accumulation map (A) and
box plot of gene numbers with the corresponding expression levels based on TPM values in expanded HD-NK
(HD-NK-1, HD-NK-2, HD-NK-3) and PD-NK (PD-NK-1, PD-NK-2, PD-NK-3). (C-D) The PCA diagram
(C) and correlation analysis (D) of the expanded HD-NK and PD-NK based on FPKM values. (E-F) Volcano
Plot (E) and hierarchical cluster analysis (F) of the differentially expressed genes (DEGs) in the expanded HD-
NK and PD-NK. (G-H) GOBP analysis (G) and KEGG analysis (H) of the aforementioned DEGs between the
expanded HD-NK and PD-NK.

(P<0.05) (Figure 5A-5B). However, no statistical significances were observed in gene sets such as P53 pathway
and KRAS signaling between HD-NKs and PD-NKs (P>0.05) (Figure 5C).

From the view of key derive gene analysis (KDA), we intuitively noticed the spatial correlations among
representative KDR genes (e.g., PRRX1, COL1A1, CD44, VEGFA, and CDH1) between HD-NKs and PD-NKs
(Figure 5D). As shown by Figure 5E, both HD-NKs and PD-NKs showed high conservations in the distribution
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Figure 5. Comparison of gene sets and the variations of SNP spectrum in expanded HD-NKs and PD-NKs
(A-C) GSEA diagrams showed the immune response- (A) and metabolism- (B) associated gene sets and
signaling pathway-associated gene sets (C) between the expanded HD-NK and PD-NK. (D) KDA analysis
revealed the XXXX of the indicated genes (associated genes, raw genes, KDA) between the expanded HD-NK
and PD-NK. (E-F) The histogram exhibited the proportion of genes with variable shear event (VSE) (E) and
differentially VSEs (DVSEs) between the expanded HD-NK and PD-NK. (G) Circos diagrams showed the
distribution of fusion genes with the indicated genetic variations between the expanded HD-NK and PD-NK.

of variable shear events (VSEs) including as_a3ss, as_a5ss, as_mxe, as_ri and as_se (Figure 5E). Among them,
only a small number of differentially VSEs (DVSE) were observed, and as_se occupied the dominating proportion
(Figure 5F). Finally, with the aid of Circos diagrams, we could intuitively observe the loci regional distribution of
genes with the indicated somatic variations (e.g., SNPs, INDELs, gene fusion events and FPKM values) (Figure
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5@G). Taken together, these data exhibited the diversity in gene subsets and VSE alterations, together with the
conservations in genetic modifications.

Discussion

For the past three decades, Parkinson’s disease (PD) has increased in prevalence and affects 1-2 per 1000 of
the population globally*»%*. As an intractable progressive neurodegenerative disorder, PD has been extensively
explored to verify the pathogenesis (e.g., family history, aging, pesticide exposure, environmental chemicals)
whereas the ultimate causes are still unknowable®. Current literatures have indicated the paramount role of
immune response and neuroinflammation during the progress of neuroimmune disease, yet the pathogenesis and
neuroprotective effect of NK cells in PD remain largely obscure®**. In this study, we verified the multidimensional
biological variations between HD-NKs and PD-NKs, and in particular, the subpopulations in resident NKs from
peripheral blood and expanded counterparts after ex vivo culture. With the aid of RNA-SEQ analysis, we further
illuminated the landscape of gene expression profiling and genetic variations between HD-NKs and PD-NKGs.
Collectively, our data revealed the cellular and molecular signatures of PD-NKs, which would benefit the further
exploration of the pathogenesis of PD in future.

For decades, peripheral blood and the concomitant PBMCs have been considered as alternative sources for
autologous or allogeneic NK cell preparation, which largely attribute to the low expression of MHC- | and the
convenient ex vivo preparation'**73%, However, the inherent defects (e.g., donor variations, low amplification
efficiency) largely hinder the large-scale clinical application!**°. Therewith, we and other investigators have
been committed to explore diverse alternative sources for NK cell preparation such as perinatal blood (e.g.,
cord blood, placental blood), NK cell lines (e.g., NK-92MI, YT), and stem cells (e.g., hematopoietic stem cells,
pluripotent stem cells)!416-2%40:41 Of note, we recently reported the high-efficient generation of NK cells within
2 weeks by utilizing the “3ILs”-based cytokine cocktails (IL-2, IL-15, IL-18), which would collectively facilitate
the further optimization of ex vivo NK cell preparation?>282°,

State-of-the-art literature has indicated the involvement of NK cells in the pathogenesis of PD. For instance,
Earls and the colleagues found that depletion of NK cells could increase motor symptoms, disease incidence,
pathological aggregation of a-syn and neuroinflammation in a PD mouse model, which suggested the potential
neuroprotective effect of NK cells upon PD and relative neurodegenerative diseases?’. In this study, we identified
both resident and expanded NK cells from peripheral blood of PD patients, and conducted systematic and
detailed dissection of the biological and transcriptomic properties, including the content of subpopulations,
cellular viability, ex vivo cytotoxicity, gene expression pattern and genetic variations.

Previous investigations have demonstrated a significant increase in CD3°'CD56* NK cells in PD patients
compared to controls*>*. The current research has identified a higher proportion of resting CD3 CD56*
NK cells in the PD group compared to HD-NKs (d0), which is in line with the outcomes of previous studies.
Although prior investigations have documented an increase in NK cells in PD, yet these studies mainly center
on advanced stages of the disease®’. Instead, we dissected the cellular and transcriptomic signatures of resident
and expanded NK cells in the early stages of PD. For example, our data indicated the increase in resident PD-
NKs (PD-NK (d0)) and the indicated subpopulations (NKG2D*, NKp44*, NKp46*) in expanded PD-NKs (PD-
NK (d14)). In consistence, Holbrook et al reported the early stage PD cohort with elevated CD3"CD56" total
NK cells and CD3 CD16*CD56%™ subset!4. The NKG2D receptor on NK cells can be triggered by multiple
ligands, leading to augmented NK cytotoxicity upon in vitro stimulation’. Therewith, these data collectively
demonstrated the hyperactivation of NK cells during the early phase of PD, which further indicated the
involvement in neuroinflammatory response during the initial phases of PD. We also put forward the potentiality
for PD treatment by modulating the homeostasis of disease-associated NK cell subpopulations (e.g., CD16%,
NKp44*, NKp46™) in future. However, the certain limitations of this study (e.g., the small number of cases due
to the inclusion criteria requiring early and newly diagnosed PD patients) should be further validated by the
following large-scale clinical investigations (e.g., large-sample, multi-level, multi-center prospective studies),
which will enhance the statistical power and prevent the significant statistical association between NK cells and
the pathogenesis of PD.

To date, diverse strategies have been formulated for NK cell-mediated immunotherapy upon tumor-related
diseases and infectious diseases. As to neurological disorders, it’s of great interesting to illuminate the interactions
between NK cells and microglia activation, leukocyte infiltration in the central nervous system, which will offer
novel directions for formulating NK cell-targeted therapeutic strategies for PD and related diseases. For instance,
epidemiological studies have demonstrated that PD patients with a lower incidence of tumors, which indicate
the potential association of increased NK cytotoxic effect in enabling resistance to tumor cell infiltration*®. In
this study, by conducting coculture with tumor cell lines, we further verified the enhanced cytotoxicity of PD-
NKs upon tumor cell lines (K562, U937). The residual living Nalmé tumor cells line were further declined in
the PD-NK group compared to those in the HD-NK group, which indicated the moderate reinforcement in in
vitro tumor-killing capacity and cytotoxicity. Additionally, a higher proportion of NK cells in the S and G,/M
phases of the cell cycle was observed in PD-NKs, thereby indicated the increase in NK cell proliferative activity
in early PD patients.

PD is acknowledged as a multi-system disorder characterized by significant neuroinflammatory and immune
dysfunctions. For instance, Earls et al reported the efficient internalization and degradation of a-syn aggregates
by NK cells via modulating the endosomal/lysosomal pathway*’. The midbrain region of PD patients revealed
higher levels of IFN-y, accompanied by significant expression of a-synuclein®®. Immunodysregulation within
the peripheral immune system can result in the upregulation of inflammatory factors and the hyperactivation
of a cascade of pro-inflammatory signals associated with PD development. Consistently, in this study, higher
expression levels of gene sets related to immune responses (IFN-y, INF-qa, and complement) and metabolism
were observed in PD-NKs according to the RNA-SEQ data, which indicated the IFN-y-associated immune-
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inflammatory response is hyperactive in PD patients at the early stage of primary diagnosis. Collectively, our
findings would supply new references to the NK cell-mediated pathogenesis of PD and facilitate the identification
of novel biomarkers for PD diagnosis alongside the clinical examinations (e.g., a-syn, bradykinesia, resting
tremor or rigidity).

Conclusions

Overall, in this study, we compared the multifaceted biological and transcriptomic signatures of both resident
NK cells from PBMCs and expanded NK cells after ex vivo culture. Our findings outlined the similarities
and differences of HD-NKs and PD-NKs both at the cellular and molecular levels, and in particular, the
subpopulations and the landscape of gene expression pattern, which would benefit the further dissection of the
pathogenesis of PD and the novel therapeutic strategies in future.

Data availability
Data is provided within the manuscript or supplementary information files. The datasets in the study are availa-
ble from the corresponding author on reasonable request.
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