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Background: The aging of the immune system is associated with various diseases. It is worth exploring the changes of the immune
system in aging. Previous studies have shown that aged T cells have enhanced expression of co-inhibitory molecules. However, it
remains unclear whether aged NK cells exhibit similar characteristics to aged T cells. The objective of our research was to clarify this
aspect.

Patients and Methods: This study included 98 adults aged 24-90 years (50 males and 48 females). We detected the subset of
peripheral blood NK cells and the expression of various receptors on NK cells among donors of different age groups by flow
cytometry. Immune subsets were initially defined by forward and side-scatter characteristics and then staining with the appropriate
marker.

Results: The absolute number and subset distribution of NK cells were not associated with age. However, CD57 expression and CD69
expression were correlated with age. Furthermore, we found that PD-1 was up-regulated on NK cells in older people, associated with
aging, while no such change was observed in other co-inhibitory molecules, including 2B4, CTLA-4, TIM-3, BTLA, CD70, CD39,
CD160, and TIGIT. PD-1" NK cells expressed high levels of CD57 and CD69, indicating PD-1" NK cells displayed a phenotype of
over-activation and aging.

Discussion: This study indicated that PD-1" NK cells were one of the characteristics of NK cells in older people.

Conclusion: This study indicated that PD-1" NK cells were one of the characteristics of NK cells in older people. Those findings
provided new ideas to explore the underlying drivers of NK aging.
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Introduction

With increasing age, the susceptibility to pathogens and tumors increases with higher mortality and morbidity. The aging
of the immune system is a critical cause of age-related diseases, including malignancies, autoimmune diseases, and
infectious diseases.! The aging immune system undergoes a gradual deterioration of immunity and an enhanced chronic
inflammatory state.”™*

Studies have shown that co-inhibitory molecules are associated with T-cell aging. In humans as well as in murine
models, PD-1, 2B4, CD160, TIM-3, TIGIT and CD70 were upregulated during the process of aging.”'® For example,
upregulated with age from donors, CD244 ' CD160"CD8" T cells manifested by increased activity of B-GAL (aging
marker), higher production of cytokines, and severe metabolic disorders, compared to CD244 CD160 CD8" T cells.®
addition, aged TIGIT'CD8" T cells’ and CD70" T cells'® from the elderly exhibit high levels of inhibitory receptors, high
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susceptibility to apoptosis and defects in cytokine production. These findings suggested that co-inhibitory molecules
contribute to aging in terms of reduced proliferative capacity and defective T-cell response.

As one of the major compartments of the innate immune system, NK cells mediate the anti-tumoral and anti-infection
immune responses.'' However, it remains unclear whether aged NK cells have characteristics similar to aged T cells,
such as increased expression of maturation markers, co-inhibitory molecules and hyperactivation phenotypes.

The phenotype and function of NK cells are modified throughout the aging process. Some studies indicated that the
increased number and the redistribution of NK cell subset have been observed in the elderly, including a decrease in the
CD56°"#"CD16~ NK cells and an expansion of CD56“™CD16" NK cells or CD56™¢CD16" NK cells.'*"'* However,
other researchers found that there were no significant changes in the absolute number and percentage of NK cells.'®'’
Age-related alterations for molecules have been characterized, including the decreased expression of activating receptors
(NKp30, NKp46) and the increased expression of inhibitory receptors (NKG2A, KLRG1).'%'®2° Besides, an increase in
CD57 expression (a hallmark for NK cell maturation) and a reduction in CD69 expression (an early activation antigen)
have already been demonstrated during aging.?'"*

About the effect of aging on NK cell function, there were some different views. Several studies supported that the

23-28 while others have characterized that the

cytotoxicity and cytokine production of NK cells declined with age,
cytotoxic capacity of NK cells was preserved in the aging population of humans.'>'” The discrepant results that have
been found may vary based on geographic regions, ethnicities, selected age ranges, status of the individuals and technical
procedures.

The function of NK cells is tightly regulated by activating and inhibiting receptors.

However, comparatively little is known about the effect of aging on the expression patterns of co-inhibitory
molecules in NK cells.

Here, we investigated the changes in NK cells related to age using blood samples from donors. We assessed the subset
distribution and absolute number of NK cells. Then, we screened co-inhibitory molecules and identified a unique subset
of PD-1" NK cells only in the elderly. PD-1" NK cells displayed a phenotype of over-activation and aging. Overall, this
study suggested that PD-1 upregulation in NK cells was an important process associated with aging.

Materials and Methods

Participants

Inclusion criteria targeted volunteers aged 20—90 years (50 males and 48 females) recruited between September 2021 and
2022. A series of laboratory parameters including blood routine indexes, coagulation function, hepatic function, renal
function, myocardial enzyme parameters, blood glucose, blood lipid, and tumor markers including alpha-fetoprotein
(AFP), carcinoembryonic antigen (CEA), carbohydrate antigen (CA-199), CA-153, and CA-125 were considered in the
exclusion criteria. The subjects who tested positive for human immunodeficiency virus (HIV) infection, hepatitis viral
infections, systemic infection, connective tissue disease, cancer or abnormal laboratory indexes above were excluded
from our study.

Isolation of Peripheral Blood Mononuclear Cells (PBMCs)

Peripheral blood samples were obtained from donors, and PBMCs were separated by standard Ficoll-Paque gradient
centrifugation according to the instructions of the manufacturer (Amersham Pharmacia Biotech, Sweden). Cells were
cryopreserved in fetal bovine serum (FBS) (GIBCO, Grand Island, NY, USA) supplemented with 10% dimethylsulfoxide
(DMSO) and stored in liquid nitrogen.

Immunofluorescence Staining and Flow Cytometry Analysis

PBMC:s from subjects were resuspended in PBS buffer and were incubated with directly conjugated antibodies for 30 min at
4°C. The cells were washed with 1x PBS before flow cytometry analysis. Antibodies used included anti-human CD3-BV786,
CDI19-BVAPC-H7, CD16-BV711, CD69 PE-CF594, CD57-BV421, PD-1-APC, CD70-PE, CD160-AF488, 2B4-AF700,
CTLA-4-PE, TIM-3-FITC, 7-AAD (BD Biosciences, San Diego, CA, USA), CD56-BV510, BTLA-PE-CY7, CD39-APC
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(BioLegend, San Diego, CA, USA), TIGIT-PE-Cy7 (Ebioscience, San Diego, CA, USA), along with the corresponding
isotype controls. NK cells were gated as CD3 CD14 CD19 CD56'CD16", CD3 CD14 CD19 CD56'CD16 , or
CD3 CDI14 CD19 CD56 CD16". Data were acquired with the LSR Fortessa flow cytometer (BD Biosciences) and analyzed
with FlowJo software version 10.5 (Tree Star, Ashland, OR, USA).

Statistical Analysis

The data are expressed as the mean + standard deviation (SD). All data were analyzed using GraphPad Prism 7
(GraphPad Software, La Jolla, CA, USA). The normality of each variable was assessed using the Kolmogorov—
Smirnov test. In cases of two normally distributed data, the comparison of variables was analyzed using unpaired or
paired where specified, two-tailed Student’s ¢-tests for unpaired and paired data, respectively. A one-way ANOVA or
a repeated-measures ANOVA followed by Tukey’s multiple comparisons test was performed for comparing more than
two unpaired and paired samples, respectively. When the data were not normally distributed, the comparison of variables
was analyzed with a Mann—Whitney U-test or a Wilcoxon matched-pairs signed rank test for unpaired and paired data.
For comparing more than two unpaired and paired samples, a Kruskal-Wallis test or a Friedman test with Dunn’s
multiple comparisons test was used, respectively. The characteristics of the participants were compared using the Chi-
square test (categorical variables) or the Kruskal-Wallis test (continuous variables). Pearson’s or Spearman correlation
coefficients were performed to evaluate correlations for normally or non-normally distributed data, respectively. For all
analyses, P < 0.05 was considered statistically significant.

Results

Age-Related Changes of Subset Distribution, Subset Distribution and Phenotype on
NK Cells

To explore the changes in NK cells related to age, we examined the subset of peripheral blood NK cells and the
expression of various receptors from 98 donors by flow cytometry (characteristics of cohort in Table 1, flow cytometry
gating strategy in Figure S1). The donors aged 30-39 years showed lower absolute number of total NK cells than the
donors aged 50-59 years and older (=60 years old) (Figure 1A). Based on the expression of the adhesion molecule CD56
and the activating receptor CD16, NK cells are generally divided into three subsets: CD56""€"CD16  NK cells,
CD56%™CD16" NK cells, CD56"¢CD16" NK cells. Compared to the donors aged 50-59 years and older group (>60
years old), the donors aged 30-39 years also had a lower absolute number of CD56“™CDI16" NK cells and
CD56™2CD16" NK cells. However, correlation analysis showed no correlation between age and absolute number
among total NK cells or the NK subsets (Figure 1B-D). Moreover, the NK cell subset distribution among total NK
cells exhibited no significant difference among age groups and was not correlated with age (Figure 1E-G). Compared
with other age groups, the CD57 expression on NK cells was elevated in the elderly (=60 years old). Meanwhile, the
CD69 expression on NK cells presented a stepwise decline with age, and the decline was most severe in the elderly (=60
years old) (Figure 1H and I). Correlation analysis showed a correlation of CD57 expression on NK cells with age and

Table | Characteristics of Cohort

Parameters | Total (n=98) | 20~29 (n=15) | 30~39 (n=22) | 40~49 (n=20) | 50~59 (n=14) | 60~90(n=27) P value
Gender 0.3502
Male 50 10 I I 4 14
Female 48 5 I 9 10 13
Age, years <0.0001
Median 45 27 35 43 52 75
IQR 34-61 25-28 33-37 41-46 51-55 68-78

Notes: A total of 98 adults were recruited, including 50 males and 48 females. Their median age was 45, and 14-27 adults were in every group. The Chi-square
test demonstrated that the gender was balanced among all the groups (P = 0.3502). Age was described by the median and interquartile range (IQR) and analyzed
using the Kruskal-Wallis test.
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a strong correlation of CD69 expression with age (CD57: r=0.3014, p = 0.0026; CD69: r =—0.6334, p < 0.0001). Due to
the small sample size, we divided participants with a wider age span: young (people aged 20-39 years), middle age
(people aged 4059 years) and elderly (people aged 60 years or older). Changes in subset distribution, absolute number
and phenotype on NK cells among three age groups were correspondingly shown in Figure S2.

Collectively, our findings were in line with previous studies, indicating a positive correlation of CD57 and a negative
correlation of CD69 with age, rather than the absolute number and percentage of NK cells.

Co-Inhibitory Molecules (2B4, CTLA-4, TIM-3, BTLA, CD70, CD39, CD160, TIGIT)
Associated with T Cell Senescence Were Not Elevated on NK Cells with Age

To determine whether co-inhibitory molecules, associated with T cell senescence, are age-related on NK cells, we detected
the expression of 2B4, CTLA-4, TIM-3, BTLA, CD70, CD39, CD160, TIGIT on NK cells in donors. Higher frequencies of
2B4 and CTLA-4 were observed on NK cells from the donors aged 50-59 years compared with those young (20-29 and 30—
39 years old) or the elderly (>60 years old; Figure 2A and B). A weak correlation between 2B4 expression on NK cells with
age was noted (r = 0.2007, p = 0.0464). Furthermore, the donors aged 5059 years expressed higher frequencies of TIM-3 on
NK cells than the donors aged 20-29 years and >60 years (Figure 2C). Additionally, the elderly (>60 years old) showed
higher expression of BTLA on NK cells than donors in young (2029 and 30-39 years old) and aged 50—59 years, and weak
positive correlation was also found in BTLA expression on NK cells with age (Figure 2D). Interestingly, the donors aged 50—
59 years exhibited lower frequencies of CD70 than those in young (20-29 and 30-39 years old) and the elderly (>60 years
old; Figure 2E). However, the expression of CD39, CD160 and TIGIT showed no statistical difference between age groups
(Figure 2F-H). Changes in co-inhibitory molecules on NK cells among three age groups were shown in Figure S3.

Totally, no significant correlation was observed between these co-inhibitory molecules (CTLA-4, TIM-3, CD70,
CD39, CD160, TIGIT) and age (Figure 2A-H).

PD-1-Positive NK Cells Accumulated in Older People

However, the level of PD-1 expression on NK cells was low among donors. The results in our data showed that the
frequencies of PD-1" NK cells from the elderly (>60 years old) were significantly higher than other groups. Additionally,
correlation analysis showed a positive correlation of PD-1 expression on NK cells with age (r = 0.3711, p = 0.0002;
Figure 3A and B). This change also occurred in the major subset (CD56%™CD16" NK cells), making up 90% of total NK
cells (Figure 3C), whereas the PD-1 expression of other two subsets (CD56™"€™CD16 NK cells and CD56™¢CD16" NK
cells) was not up-regulated with age (Figures 3D and S4A). The expression of PD-1 on NK cells among three age groups
was shown in the Figure S4B-E. Then, to determine whether gender had an impact on PD-1 expression among NK cells
in aging, we compared PD-1 expression by sex group. There was no significant difference in frequencies of PD-1" NK
cells between males and females, regardless of the total or each age group of the donors (Figure S4F). Thus, the increased
expression of PD-1 may be one of the characteristics of NK cell surface receptors in older people, independent of gender.

Aged PD-1" NK Cells Displayed a Phenotype of Over-Activation and Aging

To explore the characteristics of PD-1" NK cells, we compared the frequencies of other receptors on the PD-1" NK cells and
PD-1" NK cells among the elderly, including the maturation marker (CD57), activation marker (CD69), T cell exhaustion
markers (CD160, 2B4, TIGIT, and CD70). The expression of CD57 and CD69 on PD-1" NK cells was higher than on PD-1"
NK cells (Figure 4A-B), indicating that PD-1 positive NK cells were more aging or activated. However, the expression of
CD160 was lower on PD-1" NK cells than on PD-1" NK cells (Figure 4C), and PD-1" NK cells and PD-1~ NK cells showed
the same expression levels of other co-inhibitory receptors (2B4, TIGIT and CD70) (Figure 4D—F). Collectively, the results
indicated that PD-1 expression on NK cells was associated with the phenotypic profile of over-activation and aging.

PD-| Expression Was Associated with 2B4 Expression on NK Cells
Next, we determined the relationship between the expression of PD-1 and other receptors on NK cells in the elderly. PD-
1 expression had a positive correlation with 2B4 expression (r = 0.4785, p = 0.0134) (Figure 5A). However, no
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Figure 2 Expression of co-inhibitory molecules on NK cells in different age groups. Flow cytometry analysis of expression of 2B4 (A), CTLA-4 (B), TIM-3 (C), BTLA (D),
CD70 (E), CD39 (F), CD160 (G) and TIGIT (H). Box plots (left) of the positive percentage of the above receptors on NK cells from donors in different age groups (n = 14—
22 for each group). Correlation analysis (right) of the expression of the above receptor with age on NK cells from all donors. P values were obtained by the Kruskal-Wallis
test followed by Dunn’s multiple comparisons test. Spearman’s non-parametric test was used to test for correlations. *P < 0.05, **P < 0.01, **P < 0.001.

significant correlation was observed between the expression of PD-1 and other receptors (CD57, CD69, CD160, TIGIT,
CD70) (Figure 5B—F). Conclusively, the data indicated that PD-1 expression was associated with 2B4 expression, not

with other receptors (CD57, CD69, CD160, TIGIT, CD70).

Discussion

Consistent with Kutza J’s'® and Le Garff-Tavernier M’s'” studies, the absolute numbers and subset distribution of NK

cells were not associated with age in our study. In addition, Gayoso I’s*! and Solana R’s** data supported our findings
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that the CD57 expression on NK cells elevated in the elderly and the CD69 expression on NK cells gradually declined
with age. The aging indicators of NK cells in our cohort were consistent with other cohorts in the above study. Next,
expression patterns of co-inhibitory molecules, associated with T cell aging, were studied on NK cells in aging. PD-1 was
upregulated on NK cells in the elderly, suggesting that PD-1 is a potential biomarker of aging.

Few studies have focused on PD-1 among NK cells from donors, since the level of PD-1 on NK cells harvested from
donors was extremely low. However, a recent study revealed the presence of a pool of PD-1 proteins and mRNA in the
cytoplasm of donor NK cells, despite the absent/low PD-1 surface expression. Even resting NK cells were capable of
a prompt externalization of PD-1.%° It provided a basis for our study that PD-1 could be expressed on NK cells in donors.

Under the tumor burden model, PD-1 was expressed on NK cells from peripheral blood.**** Vari indicated patients
with Hodgkin lymphoma (cHL) or diffuse large B-cell lymphoma (DLBCL) presented a higher PD-1 expression on NK
cells than donors.>® Beldi-Ferchiou A et al, showed PD-1" NK cells were functionally hyporeactive in patients with
Kaposi sarcoma. Following stimulation, PD-1" NK cells responded much less to the degranulation and IFN-y production
than their PD-1" counterparts.’ Those evidence supported that in the case of tumors, expression of PD-1 induced
functional exhaustion of NK cells.

There was also a significantly increased fraction of PD-1" cells in infective diseases. In HIV, PD-1 expression was
increased on NK cells from HIV-1-seropositive individuals, compared to seronegative controls.>> Moreover, patients in
the low-CD4 group had higher expression of PD-1 on NK cells than patients in the high-CD4 group.’® In COVID-19,
researchers evaluated that the expression level of PD-1 on NK cells is significantly elevated in patients with COVID-19
compared to volunteers.>”® Mycobacterium tuberculosis stimulation significantly up-regulated PD-1 levels on NK cells.
Furthermore, PD-1" NK cells displayed a diminished IFN-y mean fluorescence intensity, denoting the relevance of PD-1
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Figure 4 Other receptors on PD-1" and PD-1~ NK cells. Flow cytometry analysis of CD57 (A), CD69 (B), CD160 (C) and 2B4 (D), TIGIT (E) and CD70 (F) expression on
PD-1" vs PD-1" NK cells from the elderly (60-90 years, n = 26). Representative histograms (left) and plots (right) displayed the expression of the above receptors PD-1" vs PD-
1" NK cells from the same individual. The p-values were obtained by paired t-test (CD57, CD69, CD160, TIGIT) or Wilcoxon matched-pairs signed rank test (2B4 and CD70).

on IFN-y regulation.® Thus, in the setting of infection, PD-1 was upregulated on NK cells and had a higher expression in
severe infection.

Researches regarding PD-1 in aging mainly focused on T cells. In murine models, CD44HiCD8 T (memory CD8
T cells in mice) cells from aged mice had higher expression of PD-1 compared with CD8 T cells from young mice.®*’
Decman V compared IFN-g production with PD-1 expression. Generally, the PD1" CD8 T cells from aged mice made
less IFN-y per cell compared with the PD-1" cells.® Consistently, higher expression of PD-1 on CD4 T cells was
presented in aged mice than in young mice.>*’ In Shimada Y’s study, PD-1" CD4 T cells from old mice exhibited
proliferative hyperactivation.*! In human studies, myeloma patients showed a higher percentage of co-expressed CD57
and PD-1 on CD8 T cells from the BM than donors. This enhanced co-expression of CD57 and PD-1 in myeloma
suggested a distinct population of late-differentiated, senescent T cells.* Totally, these findings indicated a pivotal role of
PD-1 in T-cell aging. In NK cell research, Pesce S indicated that PD-1" NK cells were confined to the terminally
differentiated NK cells (CD57" NK), with lower expression of NKp30 and NKp46 than PD-1~ NK.*?

There were some limitations in our work. Firstly, our study had a relatively small sample size. Secondly, there was no
CMYV test which could affect the phenotype of NK cells. Finally, we have not done a functional assay.
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Figure 5 Correlation of PD-| expression and other receptors expression on NK cells. (A—F) Correlation analysis of 2B4 (A), CD57 (B), CDé9 (C), CD160 (D), TIGIT (E)
and CD70 (F) expression with PD-1 expression on NK cells from the elderly (60-90 years, n = 26). Spearman’s non-parametric test was used for correlation analysis.

In summary, we found an increased frequency of PD-1" NK cells in the elderly. PD-1" NK cells have the phenotypic

characteristics of aging NK cells. Our studies provided new insights into the co-inhibitory molecules on NK cells with
aging, highlighting PD-1 may serve as a new potential marker of aging on NK cells.
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