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Proliferation capability of natural
killer cells upon cytokines
stimulation correlated negatively
with serum lactate
dehydrogenase level in coronary
artery disease patients
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Background: Natural killer (NK) cells are proposed to participate in coronary
artery disease (CAD) development. However, little is known about how CAD
patients” NK cells respond to different stimulatory factors in terms of
proliferation capability.

Methods and results: Twenty-nine CAD patients’ peripheral blood NK cells were
isolated and individually treated with IL-2, IL-12, IL-15, IL-18, IL-21, cortisone
acetate, hydrocortisone, or ascorbic acid for 36 hours, followed by cell cycle
analysis using flow cytometry. The ratio of S and G2/M phase cell number to total
cell number was defined as a proliferation index (Prl) and used for proliferative
capability indication. The results showed that these eight factors resulted in
different life cycle changes in the 29 NK cell samples. Remarkably, 28 out of 29
NK cell samples showed an obvious increase in Prl upon ascorbic acid treatment.
The serum lactate dehydrogenase (LDH) level of the 29 CAD patients was
measured. The results showed a negative correlation between serum LDH
level and the CAD patients’ NK cell Prl upon stimulation of interleukins, but not
the non-interleukin stimulators. Consistently, a retrospective analysis of 46 CAD
patients and 32 healthy donors showed that the circulating NK cell number
negatively correlated with the serum LDH level in CAD patients. Unexpectedly,
addition of LDH to NK cells significantly enhanced the production of IFN-y, IL-10
and TNF-q, suggesting a strong regulatory role on NK cell's function.

Conclusion: Ascorbic acid could promote the proliferation of the CAD patients’
NK cells; LDH serum level may function as an indicator for NK cell proliferation
capability and an immune-regulatory factor.
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Introduction

Natural killer (NK) cells are an important part of the innate
immune system and comprise the third largest component of the
lymphocyte population, after T cells and B cells (1). Except for
directly killing target cell through the release of perforin- and
granzyme-containing cytotoxic granules, NK cells also act as
regulatory cells in the immune system by producing a panel of
various cytokines and chemokines, such as IFN-y, TNF-a, GM-
CSF, IL-5, IL-10, and IL-13 (2, 3).

NK cells not only play important anti-tumor and anti-virus
roles, but are also involved in chronic inflammatory conditions,
such as atherosclerosis (AS) (4). AS is one important pathological
basis of coronary artery diseases (CAD) (5, 6). Many types of
immune cells are involved in the AS development and CAD
progression. In which, macrophage and T cells are well studied,
but not NK cells. Previous studies have reported a reduction in NK
cells and a concomitant loss of NK cell activity in patients with CAD
(7, 8). NK cells mainly modulate the inflammatory response in CAD
patients by activating inflammation and affecting cardiac
remodeling by significantly increasing the expression of TNF-o
and IL-10 (9, 10). A twelve-month follow-up to 43 CAD patients
showed that persistent NK cell deficiency was associated with low-
grade cardiac inflammation (8). However, the influencing factors
and underlying mechanisms remain elusive.

Impaired NK cell activity and low NK cell number have been
observed in patients with cancer (11, 12). In recent years, there have
been many studies on the use of NK cells in cancer immunotherapy
(2, 13). The antitumor activity of NK cells could be greatly increased
through ex vivo activation, expansion and genetic modification.
Some of these methods have been translated into clinical-grade
platforms and shown promising results in the clinical trials of NK
cell infusions in patients with hematological malignancies or solid
tumors (2). Interleukins, such as IL-2, IL-12, IL-15, IL-18, and IL-
21, glucocorticoids, such as cortisone acetate and hydrocortisone,
and ascorbic acid can promote the ex vivo proliferation of NK cells
in healthy people or cancer patients (14-16). IL-12, IL-15 and IL-18
are powerful inducers of IFN-y production when used in
combination (17, 18). Given the potential role of NK cells in
cancer immunotherapy, more efficient in vitro methods for
expansion of clinical grade NK cells need to be developed.

Interleukin, ascorbic acid and glucocorticoid have been widely
studied in cancer patients, which showed different stimulation on
NK cell proliferation and activation (4, 19, 20). In contrast, little is
known about how NK cells in CAD patients respond to
interleukins, glucocorticoids, and ascorbic acid in proliferative
capability. Given that NK cells are deeply involved in
atherosclerosis development and CAD progression by showing a
reduction in circulating cell number and cell activity (5-8), it’s
important to explore the effects of these stimulatory factors on NK
cell proliferation and function in CAD patients, which will facilitate
the clinical significance of NK cells in CAD management. Here we
investigated the effects of eight different stimulatory factors,
including IL-2, IL-12, IL-15, IL-18, IL-21, cortisone acetate (CA),
hydrocortisone (HC), and ascorbic acid (AA), on the ex vivo
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proliferation of 29 CAD patients’ NK cells, and correlated the
results with the serum level of myocardial enzymes, including
creatine kinase (CK), creatine kinase isoenzyme (CK-MB), and
lactate dehydrogenase (LDH). The influence of LDH on NK cells
life cycle and the production of IFN-y, IL-10 and TNF-o was also
investigated. Meanwhile, the relationship between serum LDH level
and the number of circulating NK cells was retrospectively analyzed
in CAD patients.

Materials and methods
Patients and data collection

CAD patients and healthy donors (HDs) with no evidence of
any disease and infection were recruited at Meizhou People’s
Hospital from May 2020 to December 2022. The hospitalized
patients with newly diagnosed CAD were included, including
myocardial infarction, heart failure, coronary atherosclerotic heart
disease, etc. Our research excluded the patients with current
infection, long-term anti-inflammatory medication usage,
malignancy, severe gastrointestinal diseases and renal
insufficiency, as well as the individuals with allergy or rheumatoid
diseases. A total of 37 CAD patients and 22 healthy donors (HDs)
with no evidence of any disease and infection were eventually
enrolled throughout this research. Among them, 29 CAD patients
and 12 HDs entered into the study of NK cell proliferation upon
stimuli; the residual 8 CAD patients and 10 HDs entered into the
study of NK cell secreting cytokines upon stimuli. Before inclusion
in this study, informed consent was signed by each CAD patient
and HDs, and the research protocol were approved by the ethical
committee of Meizhou People’s Hospital. The clinical information
of the enrolled CAD patients and HDs were collected, including age,
gender, blood pressure, serum lipid levels, Liver function indicators,
cardiac marker enzymes, and lymphocyte numbers. Meanwhile, the
clinical data of 46 CAD patients and 32 HDs subjected to
lymphocytes analysis with FCM were collected and used for
retrospective analysis.

Preparation of peripheral blood NK cells

Peripheral blood samples (10 mL) were obtained from the
enrolled patients and HDs. The blood sample collection
procedure conformed to the informed consent guidelines.
Peripheral blood mononuclear cells (PBMCs) were prepared
according to Choi et al. (13). After wash three times with
phosphate-buffered saline (PBS), pH 7.2, the obtained PBMCs
were re-suspended with 40 uL MACS solution, i.e. PBS, pH 7.2,
supplemented with 2 mM EDTA (Sigma-Aldrich, St Louis, MO,
USA) and 0.5% bovine serum albumin (BSA; Sigma-Aldrich). NK
cells were then prepared by using a NK cell negative selection kit
(Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s instructions. Briefly, 10 uL NK cell biotin-antibody
cocktail was added to the 40 pL PBMCs suspension and incubated
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at 4°C for 5 min, followed by addition of 30 uL of MACS solution
and 20 UL of NK cell MicroBead cocktail. After incubation at 4°C
for 10 min, the NK cells were enriched through a magnetic
separator, followed by purity detection using flow cytometry (BD
FACS CantolI). The purity of the NK cells routinely exceeded 95%,
with one flow cytometry plot shown in Supplementary Figure S1 as
a representative.

Cell cultures

Prepared NK cells were suspended in RPMI-1640 medium
(Gibco, Australia) supplemented with 10% fetal bovine serum
(FBS; Gibco, Australia). After counting, the NK cells were divided
into nine groups and seeded onto 24-well plates at 5x10° cells/mL.
Eight out of the nine groups were co-cultured with 10 ng/L of IL-2,
10 ng/mL of IL-12, 20 ng/mL of IL-15, 200 ng/mL of IL-18, 100 ng/
mL of IL-21, 1 umol/L of CA, 0.5 umol/L of HC, and 100 mg/L of
AA. All stimulatory factors were purchased from Meilun Biotech
(Dalian, China). The residual group without any treatment was
used as a control. NK cells from these nine groups were then
incubated for 36 h at 37°C in a 5% CO, incubator. The commonly
used dose of the stimulatory factors and the treatment time were
selected based on multiple literatures (13, 19, 21-23).

Cell cycle assay through flow cytometry

The NK cells in each well with or without stimulatory factor
treatment were collected individually, washed twice with PBS, and
then suspended in a 50 pL fixative solution provided in the
IntraSure kit (BD Biosciences, Franklin Lakes, USA) according to
the manufacture’s instruction. After incubation at 4°C for 1 h, the
cells were washed with PBS, and then treated with 10 pL of
membrane breaker for 15 min. Following fixation cells were
treated with 100 pg/mL RNase A (ThermoFisher Scientific,
United States), the cells were incubated with 50 ug/mL propidium
iodide (PI; Invitrogen, Eugene, OR, USA) in the dark for 15 min
after wash with PBS. A minimum of 10,000 cells were then
immediately analyzed using FACSCanto flow cytometer (BD
Biosciences). The results were analyzed by FlowJo7.6. The cell
cycle four phases (including G1, S, G2, and M) of the treated NK
cells was recognized as described previously (24). Same
performance was done to the untreated NK cells as control. The
ratio of S and G2/M phase cell number sum to total cell number was
defined as a proliferation index (PrI) and used for proliferative
capability indication.

Detection of myocardial enzymes

About 2 mL peripheral blood was collected from the 29 CAD
patients and 12 HDs as mentioned above, and serum was then
isolated. Beckman AU5800 was used to detect the serum level of
CK, CK-MB, LDH, o-hydroxybutyrate dehydrogenase (a-HBDH).
The reagents were provided by MedicalSystem Biotec (Jiangsu,
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China). Abbott Alinity and its matching reagents were used to
detect brain natriuretic peptide (BNP) (Pennsylvania, USA) and
cardiac troponin I (¢Tnl) (Longford, Irland).

Circulating NK cell counting

The clinical data of 46 CAD patients and 32 HDs subjected to
lymphocytes analysis with FCM were analyzed retrospectively,
including age, gender, blood pressure, serum lipid levels, Liver
function indicators, cardiac marker enzymes, and lymphocyte
numbers. The percentages and absolute numbers of T cells, B
cells and NK cells in peripheral blood were determined by using
TruCOUNT tubes and BD Multitest 6-color TBNK Reagent Kit
with FACSCanto flow cytometer using FACSCanto clinical software
(BD Biosciences, USA).

Measurement of secreted cytokines via
ELISA assay

As described above, a total of 8 CAD patients and 10 HDs were
enrolled and their clinical information was collected. The research
protocol was approved by the ethical committee of Meizhou
People’s Hospital. The peripheral blood NK cells were purified as
described above and then re-suspended in RPMI-1640 medium to
reach a final concentration at 8x10°/mL. The cell suspension was
seeded onto a 24-well plate with 500 UL each well, and then co-
cultured with each of eight stimulatory factors as well as LDH (1000
U/L; Sigma-Aldrich) at 37°C for 80 h. After centrifugation at 4°C for
10 min, the cell-free supernatants were harvested and the level of
IFN-v, IL-10 and TNF-a was subsequently measured by using the
corresponding ELISA Kits (OriGene Tech, Rockville, MD, USA)
according to the manufacturer’s instructions. O.D. values were
recorded at 450 nm. The standard curve was created according to
the O.D. values of the standards. The quantities of these cytokine
secreted by NK cells were calculated from the standard curves.

Statistical analysis

IBM SPSS Statistics 21.0 (IBM, Armonk, NY, USA) was used for
data analysis. Data were presented as mean + SD, and the results
were analyzed using Student’s ¢ test. Spearman’s test was used for
correlation analyses. Statistical significance was accepted when p
< 0.05.

Results

The effects of eight stimulatory factors on
NK cell cycle in CAD patients

The effects of IL-2, IL-12, IL-15, IL-18, IL-21, CA, HC, and AA

on the proliferation of peripheral blood NK cells were analyzed. The
clinical characteristics of the enrolled 29 CAD patients and 12 HDs.
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TABLE 1 Characteristics of CAD patients and healthy donors enrolled
for NK cell in vitro proliferation assay.

Healthy donors
CAD patients

Group 1

Group 2

Age (years) 72 (9.42) 55.3 (6.11) 73.67 (4.13)
Male/female (n) 18/11 3/3 4/2
Blood pressure
Syst (mmHg) 138.97 (21.56) 128.4 (11.6) 132 (15.25)
Diast (mmHg) 81.76 (13.12) 80.5 (6.4) 79.17 (9.62)
Laboratory variables
TC (mmol/L) 4,62 (1.26) 4.86 (1.01) 4.32 (0.85)
LDL-C (mmol/L) 2.67 (0.99) 2.35 (0.57) 2.45 (0.72)
HDL-C (mmol/L) 1.28 (0.29) 1.49 (0.43) 1.52 (0.38)
Apo-Al (g/L) 1.07 (0.22) 1.16 (0.55) 1.31 (0.32)
Apo-B (g/L) 0.89 (0.29) 0.82 (0.13) 0.71 (0.16)
TG (mmol/L) 1.40 (0.79) 1.24 (0.36) 1.18 (0.49)
Hey (umol/L) 20.90 (9.42) 9.83 (4.49) 14.41 (2.57)
Glu (mmol/L) 6.40 (2.54) 4.94 (0.93) 5.17 (0.41)
Leukocyte subsets
WBC (x10°'L) 6.43 (2.88) 6.71 (0.31) 5.85 (0.98)
NEUT (x10”L) 4.24 (2.86) 4.08 (0.22) 3.5 (0.56)
LYMPH (x10”L) 1.57 (0.70) 1.66 (0.38) 1.91 (0.51)
Mon (x10”'L) 0.39 (0.29) 0.41 (0.12) 0.42 (0.15)
RBC (x10'?/L) 4.14(0.73) 4.24 (0.56) 4.52 (0.47)
Hb (g/L) 122.24(21.63) 116 (15.81) 144.17 (15.46)
Liver function indicators
ALT (U/L) 27.44 (17.07) 22.80 (12.37) 24.50 (11.67)
AST (U/L) 34.44 (33.11) 24.18 (11.03) 26.33 (4.68)
ALP (U/L) 73.41 (23.62) 79.01 (12.68) 68.17 (12.58)
GGT (U/L) 42.56 (20.95) 26.43 (10.52) 23.00 (13.48)
Cardiac marker
CK (U/L) 143.55 (132.96) (112(.);?_ 104.00 (49.51)
CK-MB (U/L) 17.17 (9.73) 15.73 (5.92) 16.2 (4.50)
LDH (U/L) 263.27 (152.82) 192.5 (50.67) 184.40 (35.32)
0-HBDH (U/L) 232.73 (174.70) 165.31 (70.9) 150.60 (34.89)
BNP (pg/ml) 518.04 (625.69) 17.58 (9.74) 29.28 (25.35)
cTnl (ng/ml) 0.09 (0.15) 0.0057 (0.005)  0.0086 (0.0052)

Values are given as mean (SD); Syst, systolic pressure; Diast, diastolic pressure; TC,
total cholesterol;

LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol;
Apo, apoprotein;

TG, triglycerides; Hcy, homocysteine; Glu, Glucose; Mon, Monocytes; Hb, hemoglobin;
ALP, alkaline phosphatase; GGT, y-glutamyl transferase; CK-MB, creatine kinase isoenzyme;
o-HBDH, o-hydroxybutyrate dehydrogenase; BNP, Brain natriuretic peptide; cTnl, cardiac
troponin 1.
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were shown in Table 1. The HDs were divided into two groups;
group2 matched the CAD patients in age and group 1 was younger.
The NK cells samples from these subjects were individually
stimulated with each of the eight stimulatory factors or without.
After which, flow cytometry was used to analyze the effects of these
factors on the cell cycle of NK cells. The ratio of the stimulated NK
cells PrI to the unstimulated NK cells PrI was defined as relative
proliferation index (R-PrI). The PrI of the NK cells without
stimulatory factor treatment was set as 1. As shown in Figure 1A
and Supplementary Table S1, the proliferative promotion of IL-15,
IL-18, CA, HC, and AA on the 29 CAD patients’ samples was
significant. NK cells derived from either HDs or CAD patients
showed similar tendency in proliferative responses to the eight
stimulatory factors (Figure 1B). Upon stimulation of five
interleukins and two glucocorticoids, no matter HDs or CAD
patients, some NK cell samples had R-PrI >1, while others had R-
PrI <1, and the increase or decrease of each group was inconsistent
(Figure 1B), suggesting a heterogeneous response of NK cells to the
stimuli in genomic DNA replication. In contrast, AA had the most
significant effect on promoting NK cells entry into S/G2 phases in
both HDs and CAD patients. NK cells from all HDs and 28 out of
29 CAD patients had R-PrI >1 after treatment with AA, and the
increase was significant compared to other stimulators’ treatment.
Figure 2 shows the representative results of low, medium, and high
Prl of NK cells after AA treatment. When PrI was high, genomic
DNA replication was active, and essentially more cells were in the S
and G2/M phases. These results indicated that AA could extensively
and significantly stimulate the proliferation of peripheral blood NK
cells in either HDs or CAD patients, while interleukins and
glucocorticoids just showed weaker stimulation effects on NK cells.

Correlation between NK cell response to
stimulatory factors and myocardial
enzymes level in CAD patients

Same stimulatory factors showed different effects on NK cell
proliferative capability in different CAD patients; some were
promotive while the others were inhibitory, indicating a response
heterogeneity. Considering that the severity of coronary heart disease
is closely related to myocardial enzyme level, we investigated the
potential association of NK cell proliferative capability upon
stimulation with the level of CK, CK-MB, BNP, ¢Tnl, and LDH in
the enrolled 29 CAD patients and 12 HDs (Table 1, Supplementary
Table S1). The results showed that the proliferation of NK cells after
CA or HC treatment was not related to the serum level of CK, CK-
MB, BNP, cTnl, and LDH (Figures 3, 4). When CAD patients’ NK
cells were stimulated by IL-2, IL-12, IL-15, IL-18, or IL-21, the R-PrI
>1 group and the R-PrI <1 group had no statistic difference in the
serum CK level (Figure 3A), CK-MB level (Figure 3B), BNP level
(Figure 3C) and cTnl level (Figure 3D). However, for LDH, no matter
which interleukin was used, the LDH level of the R-PrI <1 group was
significantly higher than that of the R-PrI >1 group in CAD patients
(Figure 3E); serum LDH level was negatively correlated the
proliferative capability of NK cells from CAD patients in
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of NK cells without stimulation. The later one was used as control with the Prl set as 1. Data were presented as mean + SD; comparison between the control

group and other experimental groups, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS means no statistical significance.
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FIGURE 3

Correlation between the R-Prl of NK cells and serum myocardial enzyme level in CAD patients. Comparison of serum CK level (A), serum creatine
kinase isoenzyme (CK-MB) level (B), serum BNP level (C), serum cTnl level (D) and serum LDH level (E) between R-Prl >1 and R-Prl <1 NK cell group
in responding to different stimulatory factors’ treatment. The normal range of CK is 20-173 U/L; the normal range of CK-MB is 0-25 U/L; the
normal range of BNP is 15-450 pg/ml.; the normal range of cTnl is 0-0.02 ng/ml; the normal range of LDH is 114-240 U/L. Data were presented as

mean + SD; *P < 0.05.

responding to interleukins stimuli in vitro (Figure 4). In contrast, no
correlation were observed between serum LDH level and the
proliferative capability of NK cells from HDs (Supplementary
Figure S2), which can be attributed to the low LDH level in HDs
under physiological status. These results suggest that LDH may be an
important indicator for judging whether NK cells in CAD patients
have proliferative responses to interleukins in vitro.
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Correlation between circulating NK cell
counts and serum LDH level in
CAD patients

The inverse correlation between serum LDH level and the in
vitro proliferative capacity of NK cells in response to interleukins
drove us to explore the potential relationship between the serum
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Correlation analysis of R-Prl of NK cells treated with eight stimulatory factors and serum LDH level in CAD patients. R-Prl of NK cells stimulated by
each of the five interleukins is highly correlated with LDH levels. Spearman rank correlation analysis (r) and P values are provided in each graph

LDH level and the peripheral blood NK cell counts in CAD patients.
The clinical data of 46 CAD patients and 32 healthy donors
subjected to circulating TBNK cell counting were collected and
retrospectively analyzed (Table 2). As shown in Figure 5A, the
average NK cell counts in CAD patients was lower than that in
healthy individuals. Noticeably, the serum LDH level was negatively
correlated with the absolute NK cell counts evaluated in CAD
patients but showed no relationship with that in healthy individuals
(Figure 5B). In contrast, the serum LDH level was negatively
correlated with the absolute counts of CD4" and CD8" T cells in
both CAD patients and healthy individuals (Supplementary Figures
S3A, 3B), but negatively correlated with the B cell number just in the
healthy subjects (Supplementary Figure S3C). These results further
suggested that the serum LDH level in CAD patients may function
as indicator for peripheral blood NK cell counts.

The effects of various stimuli on secretion
of cytokines in NK cells

Given that NK cells could release various cytokines
simultaneously upon stimuli, the secretion of IFN-y, TNF-o and
IL-10 were investigated in NK cells from HD and CAD patients. NK
cells were purified from peripheral blood of eight CAD patients and
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ten healthy subjects (Table 3) and then detected the concentration
of secreted IFN-y, TNF-o and IL-10 after treatment with cytokines,
glucocorticoids, AA and LDH for 80 h, untreated cells were used as
the control. As shown in Figure 6, the presence of LDH alone or
LDH plus IL-15 strongly enhanced the expression of IFN- v, TNF-o.
and IL-10 in the NK cells from the CAD patients but not the NK
cells from the healthy subjects; the presence of II-15 alone did not
show the promotion. These results suggested that LDH might play
an important role in regulating immunologic responses in CAD
patients; in contrast, the presence of IL-2, IL-12, IL-15, IL-18, IL-21,
glucocorticoids as well as AA just showed weak promoting role or
not at all. Altogether, NK cells could respond to LDH stimulation by
changing the expression of IFN-y, TNF-o or IL-10, and serum LDH
at abnormally high level might be involved in CAD pathogenesis by
regulating immunologic responses. However, this speculation needs
further experimental confirmation due to limited sample numbers
and heterogeneous responses.

Discussion
CAD is considered as a disease whose etiology might be at least

partially related to chronic infections and a prolonged
inflammatory state. A reduction of NK cells and a concomitant
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TABLE 2 Characteristics of CAD patients and healthy donors subjected
to NK cell counting.

CAD patients Healthy donors

Age (years) 69.39 (10.49) 60.03 (10.95)

Male/female (n) 27/19 18/14

Blood pressure

Syst (mmHg) 133.21 (25.51) 123.77 (12.08)

Diast (mmHg) 79.59 (14.67) 76.05 (9.19)
Laboratory variables
TC (mmol/L) 4.28 (1.41) 5.14 (1.21)
LDL-C (mmol/L) 2.28 (0.99) 2.66 (0.76)
HDL-C (mmol/L) 1.14 (0.44) 137 (0.48)
Apo-Al (g/L) 0.96 (0.29) 1.19 (0.29)
Apo-B (g/L) 0.74 (0.25) 0.86 (0.20)
TG (mmol/L) 1.48 (0.70) 1.66 (0.85)
Hey (umol/L) 11.74 (3.03) 9.94 (1.58)
Glu (mmol/L) 6.57 (2.56) 5.68 (2.46)
Leukocyte subsets
WBC (x10°/L) 9.72 (4.75) 7.06 (4.18)

NEUT (x10°/L) 69.03 (24.70) 64.94 (10.80)

LYMPH (x10°/L) 14.33 (11.11) 25.48 (9.99)
Mon (x10°/L) 0.63 (0.31) 0.47 (0.26)
RBC (x10 /L) 4.08 (1.05) 4.36 (0.94)

Hb (g/L) 116.94 (34.07) 128.47 (21.70)

Liver function indicators

ALT (U/L) 29.15 (29.22) 22.9 (15.33)
AST (U/L) 41.82 (67.12) 21.47 (10.41)
ALP (U/L) 87.33 (82.34) 78.57 (24.58)
GGT (U/L) 60.83 (77.52) 36.17 (26.58)

Cardiac marker

CK (U/L) 257.52 (583.846) 81.04 (64.49)
CK-MB (U/L) 35.80 (77.80) 17.5 (9.35)
LDH (U/L) 329.80 (221.51) 204.58 (65.59)

o-HBDH (U/L) 245.14 (145.02) 158.80 (52.90)

BNP (pg/ml) 959.33 (1176.78) 93.10 (70.08)

cTnl (ng/ml) 4.69 (11.42) 0.012 (0.022)

Values are given as mean (SD); abbreviations are described in Table 1.

loss of NK cell function can be seen in CAD patients (7, 8). NK cells
are classified into two major subsets according to their CD56
surface density. CD56° 8" NK cells can produce immune-
regulating cytokines, while the CD56%™ subset comprises more
than 90% of NK cells and is associated with cytotoxicity (25).
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Persistent antigen-mediated activation of CD56%™ NK cells
followed by apoptosis may cause the reduction of NK cells in
CAD patients (26). Schiller et al. used atherosclerosis-susceptible
mice to show that the atherosclerosis process is independent of NK
cell-mediated cytotoxicity (27). However, Whitman et al. found that
NK cells could promote the development of atherosclerotic lesions
(28). It remains to be clarified whether the NK cell deficit is relevant
to the atherosclerotic process, as well as the characteristics of NK
cells in CAD patients. In this study, we investigated the in vitro
effects of eight stimulatory factors, including IL-2, IL-12, IL-15, IL-
18, IL-21, CA, HC, and AA, on the proliferation of NK cells and in
CAD patients, and correlated the results with myocardial
enzyme detection.

IL-2, IL-12, IL-15, IL-18, and IL-21 could promote NK cells
entry into S and G2/M phases of the cell cycle in cancer patients or
healthy subjects, and thus have been used to induce ex vivo NK cell
proliferation (16, 29-33). These five interleukins function through
activation of the Jak/STAT pathways in NK cells (34). Here we
reported that IL-15 and IL-18 showed similar proliferative
promotion in NK cells from CAD patients and healthy subjects,
while the other three interleukins did not show statistically
significant promotion (Figures 1A, B). The possible reasons may
be explained by short treatment time and individual differences.
Glucocorticoids were reported to increase the expression of
activated NK cell receptors such as NKG2D and NKp46, enhance
IFN-y secretion, and increase the tumor-killing activity of NK
cells (22). Our results showed that CA and HC could promote
NK cell proliferation (Figure 1), however, neither CA nor HC had
the capability of up-regulating the expression of IFN-y, TNF-q,
and IL-10 in NK cells (Figures 6A-C). The possible reasons
could be attributed to a small size of sample number and
individual difference.

AA serves as an antioxidant agent and contributes to immune
defense by supporting various cellular functions in the innate and
adaptive immune system (35). AA has also shown to promote the
differentiation and proliferation of B cells and T cells (36, 37). While
few reports on AA affecting NK cell proliferation, Huijskens et al.
reported that addition of AA could promote NK cell proliferation
and result in higher cell numbers without influencing NK cell
functionality (38). Other studies showed that AA promoted
a dose-dependent decrease in NK cell-mediated cytotoxicity
(39, 40). Our results (Figures 1A, B, 2, 6) are consistent with the
findings of Huijskens et al. (38). However, the underlying
mechanisms remain elusive. In contrast, other tested stimulatory
factors showed variable effect on NK cells proliferation. These
results strongly suggest that different mechanisms may be used by
AA, interleukins, and glucocorticoids. AA might affect NK cell
proliferation more than NK cell function, while this speculation
needs to be investigated further.

CK, CK-MB and LDH are important indicators of myocardial
injury. When cardiomyocytes are damaged, they will increase
rapidly (41). LDH is a tetramer enzyme of the glycolytic
pathway, belonging to the 2- hydroxy acid oxidoreductase
family. The role of this enzyme is to catalyze the reversible
conversion of pyruvate to lactic acid and to oxidize
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FIGURE 5

The relationship between circulating NK cell counts and serum LDH levels was estimated in CAD patients and healthy subjects. The flow cytometry
data of peripheral blood lymphocyte counting from 46 CAD patients and 32 healthy donors were analyzed retrospectively. The absolute NK cell
numbers (A) and its relationship with serum LDH level (B) were shown. Data were presented as mean + SD; **P < 0.01. Spearman rank correlation

analysis (r) and P values are provided in each graph.

nicotinamide adenine dinucleotide dehydrogenase (NADH) to
NAD+ in the final step of the glycolysis pathway (42). LDH is
associated with the severity of myocardial infarction.
Furthermore, the more serious the heart failure, the higher the
serum LDH levels (43, 44). The relationship between serum
cardiac marker level and NK cell proliferation and function was
not reported previously. Here we reported a negative correlation
between serum LDH level and NK cell proliferative in response to
the stimuli of tested interleukins in CAD patients (Figures 3E, 4).
Similar result was found in metastatic melanoma patients; those
with elevated serum LDH level showed a low NK cell activity and
NK cell receptor expression upon stimuli of IL-2, IL-12, and their
combination (45). However, the underlying mechanisms are still
unknown. Recently, Sheppard et al. (46) showed that LDHA-
mediated aerobic glycolysis is necessary for NK cell activation by
using a NK cell-specific genetic ablation of lactate dehydrogenase
A (LDHA), which may provide some clues to explore the
mechanisms behind negative correlation between NK Cells
proliferation and serum LDH level.

Anti-inflammatory therapy has been proposed as a
promising treatment for coronary heart disease (CHD) that
could reduce residual inflammation risk (RIR) and therefore
major adverse cardiovascular events (47). Inflammation plays a
role in all stages of atherosclerosis, including accumulation of
foam cells, formation of fatty streaks and fibrous plaques,
rupture of acute plaques, and formation of thrombus,
eventually leading to atherosclerosis and thrombotic
complications (48). Previous studies have found that increased
plasma TNF-o levels directly trigger foam cell formation and
host NK cell release large amounts of IFN-y to promote
inflammatory processes, leading to plaque formation and
instability (49, 50). Interestingly, the higher percentages of IL-
10+ NK cells found in AMI patients, which also plays an
important role in regulating NK cell function and healing
damaged hearts (10). We observed that the presence of LDH
strongly enhanced the expression of IFN-vy, IL-10 and TNF-o in
NK cells in vitro comparing to the presence of IL-2, IL-12, IL-15,
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TABLE 3 Characteristics of CAD patients and healthy donors enrolled
for cytokines secretion by NK cells upon stimulation.

CAD patients Healthy donors

Age (years) 72.38 (9.4) 69.86(10.76)
Male/female (n) 4/4 7/3
Blood pressure
Syst (mmHg) 120.5 (9.94) 128 (20.25)
Diast (mmHg) 73.38 (4.72) 79.17 (9.62)
Laboratory variables
TC (mmol/L) 4.73 (1.44) 4.35 (0.78)
LDL-C (mmol/L) 2.92 (1.18) 2.38 (0.49)
HDL-C (mmol/L) 1.24 (0.25) 1.5 (0.35)
Apo-Al (g/L) 1.10 (0.22) 1.29 (0.3)
Apo-B (g/L) 0.88 (0.30) 0.71 (0.15)
TG (mmol/L) 1.40 (0.60) 1.14 (0.45)
Hcy (pmol/L) 11.83 (1.68) 13.26 (3.41)
Glu (mmol/L) 6.06 (1.54) 5.08 (0.44)
Leukocyte subsets
WBC (x10°/L) 9.03 (3.43) 5.96 (0.94)
NEUT (x10°/L) 6.43 (3.43) 3.48 (0.51)
LYMPH (x10°/L) 1.93 (1.07) 2 (0.52)
Mon (x10°/L) 0.54 (0.26) 0.45 (0.15)
RBC (x10 '*/L) 4.55 (0.3) 4.57 (0.45)
Hb (g/L) 132.25 (20.97) 145 (14.28)
Liver function indicators
ALT (U/L) 21.13 (9.46) 22.43 (10.66)
AST (U/L) 20.13 (7.55) 23.71 (4.57)
(Continued)
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TABLE 3 Continued

CAD patients Healthy donors

Liver function indicators

ALP (U/L) 69 (23.71) 74.43 (20.16)

GGT (U/L) 35.5 (19.99) 22.43 (12.39)
Cardiac marker

CK (U/L) 75.5 (32.92) 104.29 (45.2)

CK-MB (U/L) 18.23 (6.89) 16.17 (4.02)

LDH (U/L) 224.13 (39.7) 173.5 (41.36)

o-HBDH (U/L)
BNP (pg/ml)

cTnl (ng/ml)

161.75 (27.29)
261.36 (393.79)

0.025 (0.054)

142.50 (36.98)
29.28 (25.35)

0.0086 (0.0052)

Values are given as mean (SD); abbreviations are described in Table 1.

10.3389/fimmu.2024.1436747

IL-18, or IL-21 (Figures 6A-C), suggesting a potentially
important role of LDH in regulating immune responses. To
the best of our knowledge, this is the first report of LDH
influence on cytokines production in NK cells, suggesting that
LDH may function as an immune-regulatory factor. Similar
results were found by Sheppard et al. that LDHA plays an
active role in antiviral and anti-tumor activities by promoting
NK cell activation receptor signaling and effector functions (46).

Given that CAD patients usually have a reduction in peripheral
blood NK cells and a concomitant loss of NK cell activity (51, 52),
our results suggest that abnormally high level of serum LDH may be
involved in CAD pathogenesis through regulating NK cell immune
responses. However, due to small size of sample number, more
samples and more experiments are needed to elucidate the effect of
serum LDH level on NK cell activity and function in vitro and in
vivo, including but not limited to NK cell proliferation, cytotoxicity,
cytokines and receptors expression, and cell subsets.
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The influence of various stimuli on production of secreted IFN-y, TNF-o and IL-10 in NK cells in vitro. NK cells were purified from peripheral blood
of 10 healthy subjects and 8 CAD patients. After individual treatment with IL-2, IL-12, IL-15, IL-18, IL-21, CA (cortisone acetate), HC (hydrocortisone),
and AA (ascorbic acid), lactate dehydrogenase (LDH), and LDH combination with IL-15 (LDH + IL-15) for 80 h, the supernatants of the cultured NK
cells were collected, and the concentration of TNF-a (A), IFN-v (B), and IL-10 (C) were measured. The untreated cells were used as the control. Data

were presented as mean + SD; *P < 0.05, **P < 0.01.

Frontiers in Immunology

10

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1436747
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Guo et al.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the ethical committee
of Meizhou People’s Hospital. The studies were conducted in accordance
with the local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

XG: Writing - original draft, Writing - review & editing. TX:
Writing - review & editing. LL: Writing — original draft. QG: Writing -
original draft. BL: Writing - review & editing. XL: Writing - review &
editing. ZZ: Writing — original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the grants from the Science and Technology

References

1. Yokoyama WM, Kim S, French AR. The dynamic life of natural killer cells. Annu
Rev Immunol. (2004) 22:405-29. doi: 10.1146/annurev.immunol.22.012703.104711

2. Shimasaki N, Jain A, Campana D. Nk cells for cancer immunotherapy. Nat Rev
Drug Discovery. (2020) 19:200-18. doi: 10.1038/s41573-019-0052-1

3. Ran Gh, Yq L, Tian L, Zhang T, Dm Y, Jh Yu, et al. Natural killer cell homing and
trafficking in tissues and tumors: from biology to application. Signal Transduct Target
Ther. (2022) 7:205. doi: 10.1038/s41392-022-01058-z

4. Vivier E, Rebuffet L, Narni-Mancinelli E, Cornen S, Igarashi RY, Fantin VR. Natural
killer cell therapies. Nature. (2024) 626:727-36. doi: 10.1038/s41586-023-06945-1

5. Ord T, Lonnberg T, Nurminen V, Ravindran A, Niskanen H, Kiema M, et al.
Dissecting the polygenic basis of atherosclerosis via disease-associated cell state
signatures. Am ] Hum Genet. (2023) 110:722-40. doi: 10.1016/j.ajhg.2023.03.013

6. Yang W, Lin J, Zhou ], Zheng Y, Jiang S, He S, et al. Innate lymphoid cells and
myocardial infarction. Front Immunol. (2021) 12:758272. doi: 10.3389/fimmu.2021.758272

7. FengL, Tian R, Mu X, Chen C, Zhang Y, Cui J, et al. Identification of genes linking
natural killer cells to apoptosis in acute myocardial infarction and ischemic stroke.
Front Immunol. (2022) 13:817377. doi: 10.3389/fimmu.2022.817377

8. Backteman K, Ernerudh J, Jonasson L. Natural killer (Nk) cell deficit in coronary
artery disease: no aberrations in phenotype but sustained reduction of nk cells is
associated with low-grade inflammation. Clin Exp Immunol. (2014) 175:104-12.
doi: 10.1111/cei.12210

9. Jabir NR, Firoz CK, Ahmed F, Kamal MA, Hindawi S, Damanhouri GA, et al.
Reduction in cd16/cd56 and cd16/cd3/cd56 natural killer cells in coronary artery
disease. Immunol Invest. (2017) 46:526-35. doi: 10.1080/08820139.2017.1306866

10. Ortega-Rodriguez AC, Marin-Jauregui LS, Martinez-Shio E, Hernandez Castro
B, Gonzalez-Amaro R, Escobedo-Uribe CD, et al. Altered nk cell receptor repertoire
and function of natural killer cells in patients with acute myocardial infarction: A three-
month follow-up study. Immunobiology. (2020) 225:151909. doi: 10.1016/
j.imbi0.2020.151909

11. YaoL,HouJ, WuX, Lu, Jin Z, Yu Z, et al. Cancer-associated fibroblasts impair
the cytotoxic function of nk cells in gastric cancer by inducing ferroptosis via iron
regulation. Redox Biol. (2023) 67:102923. doi: 10.1016/j.redox.2023.102923

Frontiers in Immunology

11

10.3389/fimmu.2024.1436747

Program of Meizhou (2019B0202001), Key Scientific and
Technological Project of Meizhou People’s Hospital
(PY-A2019003).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1436747/full#supplementary-material

12. Seymour F, Cavenagh JD, Mathews J, Gribben JG. Nk cells cd56bright and
cd56dim subset cytokine loss and exhaustion is associated with impaired survival in
myeloma. Blood Adv. (2022) 6:5152-9. doi: 10.1182/bloodadvances.2022007905

13. Choi JW, Lee ES, Kim SY, Park SI, Oh S, Kang JH, et al. Cytotoxic effects of ex
vivo-expanded natural killer cell-enriched lymphocytes (Myj1633) against liver cancer.
BMC Cancer. (2019) 19:817. doi: 10.1186/s12885-019-6034-1

14. Pittari G, Filippini P, Gentilcore G, Grivel JC, Rutella S. Revving up Natural
Killer Cells and Cytokine-Induced Killer Cells against Hematological Malignancies.
Front Immunol. (2015) 6:230. doi: 10.3389/fimmu.2015.00230

15. Sivonen M, Sirvi6 KA, Wojciechowski S, Kailaanmiki A, Kaipainen S, Bailey A,
et al. Cytokines impact natural killer cell phenotype and functionality against
glioblastoma in vitro. Front Immunol. (2023) 14:1227064. doi: 10.3389/
fimmu.2023.1227064

16. Senju H, Kumagai A, Nakamura Y, Yamaguchi H, Nakatomi K, Fukami S, et al.
Effect of il-18 on the expansion and phenotype of human natural killer cells: application
to cancer immunotherapy. Int J Biol Sci. (2018) 14:331-40. doi: 10.7150/ijbs.22809

17. Lusty E, Poznanski SM, Kwofie K, Mandur TS, Lee DA, Richards CD, et al. I1-18/
il-15/il-12 synergy induces elevated and prolonged ifn-gamma production by ex vivo
expanded nk cells which is not due to enhanced stat4 activation. Mol Immunol. (2017)
88:138-47. doi: 10.1016/j.molimm.2017.06.025

18. Zhuang L, Fulton RJ, Rettman P, Sayan AE, Coad ], Al-Shamkhani A, et al.
Activity of il-12/15/18 primed natural killer cells against hepatocellular carcinoma.
Hepatol Int. (2018) 13:75-83. doi: 10.1007/s12072-018-9909-3

19. Moustaki A, Argyropoulos KV, Baxevanis CN, Papamichail M, Perez SA. Effect
of the simultaneous administration of glucocorticoids and il-15 on human nk cell
phenotype, proliferation and function. Cancer Immunol Immunother. (2011) 60:1683—
95. doi: 10.1007/s00262-011-1067-6

20. Shin E, Bak SH, Park T, Kim JW, Yoon SR, Jung H, et al. Understanding nk cell
biology for harnessing nk cell therapies: targeting cancer and beyond. Front Immunol.
(2023) 14:1192907. doi: 10.3389/fimmu.2023.1192907

21. NiJ, Miller M, Stojanovic A, Garbi N, Cerwenka A. Sustained effector function of
il-12/15/18-preactivated nk cells against established tumors. J Exp Med. (2012)
209:2351-65. doi: 10.1084/jem.20120944

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1436747/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1436747/full#supplementary-material
https://doi.org/10.1146/annurev.immunol.22.012703.104711
https://doi.org/10.1038/s41573-019-0052-1
https://doi.org/10.1038/s41392-022-01058-z
https://doi.org/10.1038/s41586-023-06945-1
https://doi.org/10.1016/j.ajhg.2023.03.013
https://doi.org/10.3389/fimmu.2021.758272
https://doi.org/10.3389/fimmu.2022.817377
https://doi.org/10.1111/cei.12210
https://doi.org/10.1080/08820139.2017.1306866
https://doi.org/10.1016/j.imbio.2020.151909
https://doi.org/10.1016/j.imbio.2020.151909
https://doi.org/10.1016/j.redox.2023.102923
https://doi.org/10.1182/bloodadvances.2022007905
https://doi.org/10.1186/s12885-019-6034-1
https://doi.org/10.3389/fimmu.2015.00230
https://doi.org/10.3389/fimmu.2023.1227064
https://doi.org/10.3389/fimmu.2023.1227064
https://doi.org/10.7150/ijbs.22809
https://doi.org/10.1016/j.molimm.2017.06.025
https://doi.org/10.1007/s12072-018-9909-3
https://doi.org/10.1007/s00262-011-1067-6
https://doi.org/10.3389/fimmu.2023.1192907
https://doi.org/10.1084/jem.20120944
https://doi.org/10.3389/fimmu.2024.1436747
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Guo et al.

22. Salagianni M, Lekka E, Moustaki A, Iliopoulou EG, Baxevanis CN, Papamichail
M, et al. Nk cell adoptive transfer combined with ontak-mediated regulatory T cell
elimination induces effective adaptive antitumor immune responses. ] Immunol. (2011)
186:3327-35. doi: 10.4049/jimmunol.1000652

23. Atasever B, Ertan NZ, Erdem-Kuruca S, Karakas Z. In vitro effects of vitamin C
and selenium on nk activity of patients with beta-thalassemia major. Pediatr Hematol
Oncol. (2006) 23:187-97. doi: 10.1080/08880010500506420

24. Pozarowski P, Darzynkiewicz Z. Analysis of cell cycle by flow cytometry.
Methods Mol Biol. (2004) 281:301-11. doi: 10.1385/1-59259-811-0:301

25. Mace EM. Human natural killer cells: form, function, and development. ] Allergy
Clin Immunol. (2023) 151:371-85. doi: 10.1016/j.jaci.2022.09.022

26. Jonasson L, Backteman K, Ernerudh J. Loss of natural killer cell activity in
patients with coronary artery disease. Atherosclerosis. (2005) 183:316-21. doi: 10.1016/
j.atherosclerosis.2005.03.011

27. Schiller NK, Boisvert WA, Curtiss LK. Inflammation in atherosclerosis: lesion
formation in Idl receptor-deficient mice with perforin and lyst(Beige) mutations.
Arterioscler Thromb Vasc Biol. (2002) 22:1341-6. doi: 10.1161/01.atv.0000024082.
46387.38

28. Whitman SC, Rateri DL, Szilvassy SJ, Yokoyama W, Daugherty A. Depletion of
natural killer cell function decreases atherosclerosis in low-density lipoprotein receptor
null mice. Arterioscler Thromb Vasc Biol. (2004) 24:1049-54. doi: 10.1161/
01.ATV.0000124923.95545.2¢

29. Wang L, Bi XW, Zhu Y], He YZ, Lai QY, Xia ZJ, et al. Il-2ro. up-regulation is
mediated by latent membrane protein 1 and promotes lymphomagenesis and
chemotherapy resistance in natural killer/T-cell lymphoma. Cancer Commun (Lond).
(2018) 38:62. doi: 10.1186/s40880-018-0334-8

30. Blanco B, Herrero-Sanchez M, Rodriguez-Serrano C, Garcia-Martinez ML,
Blanco JF, Muntion S, et al. Immunomodulatory effects of bone marrow versus
adipose tissue-derived mesenchymal stromal cells on nk cells: implications in the
transplantation setting. Eur ] Haematol. (2016) 97:528-37. doi: 10.1111/ejh.12765

31. Li Q, Ye LJ, Ren HL, Huyan T, Li J, Shi JL, et al. Multiple effects of il-21 on
human nk cells in ex vivo expansion. Immunobiology. (2015) 220:876-88. doi: 10.1016/
j.imbi0.2015.01.009

32. Zwirner NW, Domaica CI. Cytokine regulation of natural killer cell effector
functions. Biofactors. (2010) 36:274-88. doi: 10.1002/biof.107

33. Decot V, Voillard L, Latger-Cannard V, Aissi-Rothe L, Perrier P, Stoltz JF, et al.
Natural-killer cell amplification for adoptive leukemia relapse immunotherapy:
comparison of three cytokines, il-2, il-15, or il-7 and impact on nkg2d, kir2dll, and
kir2dI2 expression. Exp Hematol. (2010) 38:351-62. doi: 10.1016/j.exphem.2010.02.006

34. Vargas-Hernandez A, Forbes LR. Jak/stat proteins and their biological impact on
nk cell development and function. Mol Immunol. (2019) 115:21-30. doi: 10.1016/
j.molimm.2018.12.005

35. Carr AC, Maggini S. Vitamin C and immune function. Nutrients. (2017) 9:1211.
doi: 10.3390/nu9111211

36. Huijskens MJ, Walczak M, Koller N, Briede JJ, Senden-Gijsbers BL,
Schnijderberg MC, et al. Technical advance: ascorbic acid induces development of
double-positive T cells from human hematopoietic stem cells in the absence of stromal
cells. J Leukoc Biol. (2014) 96:1165-75. doi: 10.1189/jlb.1TA0214-121RR

37. Van Gorkom GNY, Klein Wolterink RGJ, Van Elssen C, Wieten L, Germeraad
WTYV, Bos GM]J. Influence of vitamin C on lymphocytes: an overview. Antioxidants
(Basel). (2018) 7:41. doi: 10.3390/antiox7030041

Frontiers in Immunology

12

10.3389/fimmu.2024.1436747

38. Huijskens MJ, Walczak M, Sarkar S, Atrafi F, Senden-Gijsbers BL, Tilanus MG,
et al. Ascorbic acid promotes proliferation of natural killer cell populations in culture
systems applicable for natural killer cell therapy. Cytotherapy. (2015) 17:613-20.
doi: 10.1016/}.jcyt.2015.01.004

39. Huwyler T, Hirt A, Morell A. Effect of ascorbic acid on human natural killer
cells. Immunol Lett. (1985) 10:173-6. doi: 10.1016/0165-2478(85)90073-2

40. Toliopoulos IK, Simos YV, Daskalou TA, Verginadis II, Evangelou AM,
Karkabounas SC. Inhibition of platelet aggregation and immunomodulation of nk
lymphocytes by administration of ascorbic acid. India ] Experiment Biol. (2011)
49:904-8. doi: 10.1007/s10750-011-0873-3

41. Szunerits S, Mishyn V, Grabowska I, Boukherroub R. Electrochemical
cardiovascular platforms: current state of the art and beyond. Biosens Bioelectron.
(2019) 131:287-98. doi: 10.1016/j.bi0s.2019.02.010

42. Sun W, Jia M, Feng Y, Cheng X. Lactate is a bridge linking glycolysis and
autophagy through lactylation. Autophagy. (2023) 19:3240-1. doi: 10.1080/
15548627.2023.2246356

43. Nigam PK. Biochemical markers of myocardial injury. Indian J Clin Biochem.
(2007) 22:10-7. doi: 10.1007/BF02912874

44. Yamaguchi S, Abe M, Arakaki T, Arasaki O, Shimabukuro M. Prognostic value
of lactate dehydrogenase for mid-term mortality in acute decompensated heart failure:
A comparison to established biomarkers and brain natriuretic peptide. Heart Lung Circ.
(2020) 29:1318-27. doi: 10.1016/.h1c.2019.11.013

45. Mirjaci¢ Martinovic¢ K, Babovi¢ N, Dzodi¢ R, Jurisi¢ V, Ninkovi¢ A, Konjevi¢ G.
Beneficial in-vitro effects of interleukin-2, interleukin-12, and their combination on
functional and receptor characteristics of natural killer cells in metastatic melanoma
patients with normal serum lactate dehydrogenase levels. Melanoma Res. (2016)
26:551-64. doi: 10.1097/cmr.0000000000000289

46. Sheppard S, Santosa EK, Lau CM, Violante S, Giovanelli P, Kim H, et al. Lactate
dehydrogenase a-dependent aerobic glycolysis promotes natural killer cell anti-viral
and anti-tumor function. Cell Rep. (2021) 35:109210. doi: 10.1016/j.celrep.2021.109210

47. Wang H, Jiang M, Li X, Zhao Y, Shao J, Liu Z, et al. Anti-inflammatory therapies
for coronary heart disease: A systematic review and meta-analysis. Front Cardiovasc
Med. (2021) 8:726341. doi: 10.3389/fcvm.2021.726341

48. Medina-Leyte DJ, Zepeda-Garcia O, Dominguez-Pérez M, Gonzalez-Garrido A,
Villarreal-Molina T, Jacobo-Albavera L. Endothelial dysfunction, inflammation and
coronary artery disease: potential biomarkers and promising therapeutical approaches.
Int J Mol Sci. (2021) 22:3850. doi: 10.3390/ijms22083850

49. Kumric M, Kurir TT, Borovac JA, Bozic J. The role of natural killer (Nk) cells in
acute coronary syndrome: A comprehensive review. Biomolecules. (2020) 10:1514.
doi: 10.3390/biom10111514

50. Bonaccorsi I, Spinelli D, Cantoni C, Barilla C, Pipito N, De Pasquale C, et al.
Symptomatic carotid atherosclerotic plaques are associated with increased infiltration
of natural killer (NKk) cells and higher serum levels of nk activating receptor ligands.
Front Immunol. (2019) 10:1503. doi: 10.3389/fimmu.2019.01503

51. Backteman K, Andersson C, Dahlin L, Ernerudh J, Jonasson L. Lymphocyte
subpopulations in lymph nodes and peripheral blood: A comparison between patients
with stable angina and acute coronary syndrome. PloS One. (2012) 7:¢32691.
doi: 10.1371/journal.pone.0032691

52. Hou N, Zhao D, Liu Y, Gao L, Liang X, Liu X, et al. Increased expression of T cell
immunoglobulin- and mucin domain-containing molecule-3 on natural killer cells in
atherogenesis. Atherosclerosis. (2012) 222:67-73. doi: 10.1016/j.atherosclerosis.2012.02.009

frontiersin.org


https://doi.org/10.4049/jimmunol.1000652
https://doi.org/10.1080/08880010500506420
https://doi.org/10.1385/1-59259-811-0:301
https://doi.org/10.1016/j.jaci.2022.09.022
https://doi.org/10.1016/j.atherosclerosis.2005.03.011
https://doi.org/10.1016/j.atherosclerosis.2005.03.011
https://doi.org/10.1161/01.atv.0000024082.46387.38
https://doi.org/10.1161/01.atv.0000024082.46387.38
https://doi.org/10.1161/01.ATV.0000124923.95545.2c
https://doi.org/10.1161/01.ATV.0000124923.95545.2c
https://doi.org/10.1186/s40880-018-0334-8
https://doi.org/10.1111/ejh.12765
https://doi.org/10.1016/j.imbio.2015.01.009
https://doi.org/10.1016/j.imbio.2015.01.009
https://doi.org/10.1002/biof.107
https://doi.org/10.1016/j.exphem.2010.02.006
https://doi.org/10.1016/j.molimm.2018.12.005
https://doi.org/10.1016/j.molimm.2018.12.005
https://doi.org/10.3390/nu9111211
https://doi.org/10.1189/jlb.1TA0214-121RR
https://doi.org/10.3390/antiox7030041
https://doi.org/10.1016/j.jcyt.2015.01.004
https://doi.org/10.1016/0165-2478(85)90073-2
https://doi.org/10.1007/s10750-011-0873-3
https://doi.org/10.1016/j.bios.2019.02.010
https://doi.org/10.1080/15548627.2023.2246356
https://doi.org/10.1080/15548627.2023.2246356
https://doi.org/10.1007/BF02912874
https://doi.org/10.1016/j.hlc.2019.11.013
https://doi.org/10.1097/cmr.0000000000000289
https://doi.org/10.1016/j.celrep.2021.109210
https://doi.org/10.3389/fcvm.2021.726341
https://doi.org/10.3390/ijms22083850
https://doi.org/10.3390/biom10111514
https://doi.org/10.3389/fimmu.2019.01503
https://doi.org/10.1371/journal.pone.0032691
https://doi.org/10.1016/j.atherosclerosis.2012.02.009
https://doi.org/10.3389/fimmu.2024.1436747
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Proliferation capability of natural killer cells upon cytokines stimulation correlated negatively with serum lactate dehydrogenase level in coronary artery disease patients
	Introduction
	Materials and methods
	Patients and data collection
	Preparation of peripheral blood NK cells
	Cell cultures
	Cell cycle assay through flow cytometry
	Detection of myocardial enzymes
	Circulating NK cell counting
	Measurement of secreted cytokines via ELISA assay
	Statistical analysis

	Results
	The effects of eight stimulatory factors on NK cell cycle in CAD patients
	Correlation between NK cell response to stimulatory factors and myocardial enzymes level in CAD patients
	Correlation between circulating NK cell counts and serum LDH level in CAD patients
	The effects of various stimuli on secretion of cytokines in NK cells

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


