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Diabetes Patients

Hui Wang, Kangli Cao, Siyu Liu, Yuanhong Xu and Ling Tang*

Department of Clinical Laboratory, The First Affiliated Hospital of Anhui Medical University, Hefei, China

Type 2 diabetes mellitus (T2DM) is characterized by high blood glucose levels and chronic
low-grade inflammation. It shows a strong association with obesity and immune
dysfunction, which makes T2DM patients more susceptible to infectious diseases. NK
cells play an important role in pathogen control and tumor surveillance. However, whether
NK cell distribution and functional status are altered in T2DM is unclear. To address this
issue, we compared surface receptor expression and cytokine production between
peripheral blood NK cells from 90 T2DM patients and 62 age- and sex-matched
healthy controls. We found a significantly lower frequency and absolute number of NK
cells in patients than in controls. Interestingly, the expression of inhibitory receptor Tim-3
was significantly increased, while the expression of the activating receptor NKG2D was
significantly decreased, in T2DM NK cells. Both TNF-o. secretion and degranulation
capacity (evidenced by CD107a expression) were dampened in NK cells from patients.
The expression of Tim-3 on NK cells correlated positively with both HbA1c and fasting
blood glucose levels and negatively with the percentage and absolute number of total NK
cells and was associated with increased NK cell apoptosis. In addition, Tim-3 expression
on NK cells negatively correlated with TNF-a production, which could be restored by
blocking Galectin-9/Tim-3 pathway. Our results suggest that NK cell dysfunction
secondary to augmented Tim-3 expression occurs in T2DM patients, which may partly
explain their increased susceptibility to cancer and infectious disease.

Keywords: type 2 diabetes mellitus, NK cells, Tim-3, dysfunction, apoptosis

INTRODUCTION

There are approximately 537 million diabetic patients across the world in 2021, of which more than
90% suffer from type 2 diabetes mellitus (T2DM) (1). T2DM is a chronic disease characterized by
hyperglycemia, insulin resistance, and low-grade inflammation (2, 3). T2DM is thought to cause
immune dysfunction, compromising the ability of patients to control the spread of invading
pathogens. As a result, people with T2DM are more vulnerable to infectious disease, leading to
increased morbidity and mortality (4, 5).

Natural killer (NK) cells play an important role in immune surveillance against viruses and
cancers (6). NK cells express a variety of inhibitory receptors, including T-cell immunoglobulin and
mucin domain-containing protein 3 (Tim-3), TIGIT, NKG2A, and LAG-3, as well as activating
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receptors, including NKG2D, NKp30, and NKp46 (7). NK cells
recognize infected or transformed cells via their inhibitory
receptors through a “missing-self” mode, i.e., by detecting the
absence on the surface of target cells (8). Human NK cells are
CD37/CD56" large granular lymphocytes and can be divided into
CD56"™ and CD56"¢" subtypes based on surface CD56
expression (9). CD56%™ NK cells account for approximately
90% of total circulating NK cells and mediate tumor lysis
through the secretion of perforin and granzyme (10). The
proportion of CD56"8" NK cells in the peripheral blood
increases notably at inflammation sites, where they become
activated and produce a variety of cytokines, notably IFN-y
and TNF-o (10).

Previous reports on the influence of T2DM on NK cells are
limited and conflicting. Barrou et al. reported a significant
reduction in the frequency of both NKp46" and NKG2D* NK
cells in T2DM (11). Piatkiewicz et al. showed that NK cell counts
are increased, but their cytotoxic function is impaired in T2DM
(12). In contrast, Lim et al. reported that neither abundance nor
activity of NK cells is altered in patients with long-term
T2DM (13).

Tim-3 is an immune inhibitory receptor expressed on NK
cells, T cells, and mast cells (14). Upon binding to its ligands,
Galectin-9 and CD66a (also known as CEACAM]1), Tim-3 exerts
an immune inhibitory function (15, 16). Studies have shown that
increased Tim-3 expression on NK cells during chronic viral
infections and cancer is associated with NK cell exhaustion (17-
20). Therefore, Tim-3 is a potential therapeutic target for
oncological disease, and several drugs targeting this receptor
are being tested in preclinical and clinical studies (21, 22).

The expression of Tim-3 is upregulated in both CD4" T cells and
CD8" T cells from T2DM patients (23). In turn, increased serum
Galectin-9 levels were reported in T2DM (24). While these results
suggest that T2DM leads to T cell dysfunction, it remains unclear
whether T2DM also affects the function of NK cells. Therefore, to
further explore potential changes in NK cell distribution and
function in patients with T2DM, we analyzed the expression of
inhibitory and activating receptors, as well as cytokine production,
in circulating NK cells isolated from T2DM patients and healthy
controls. Our results indicate that T2DM is associated with NK cell
dysfunction and apoptosis, mediated by increased expression of
Tim-3. These findings may explain the increased susceptibility to
infectious disease and cancer of T2DM patients and suggest that
Tim-3 is a potential target for T2DM therapy.

MATERIALS AND METHODS

Patients and Healthy Controls

The study protocol was approved by the Ethics Committee of the
First Affiliated Hospital of Anhui Medical University and written
informed consent was obtained from each individual. This study
included 90 type 2 diabetes patients and 62 age- and sex-matched
healthy controls (HCs). Clinical characteristics of the patients
and controls are shown in Supplementary Table S1. The
inclusion criterion was more than 5 years of diabetes. Exclusion

criteria included stage 3 and 4 chronic kidney disease, history of
malignancy, acute diseases, immunosuppressive therapy, and
chronic or acute hepatitis B or AIDS. In addition, female and
male subjects aged under 40 or over 80 years were excluded. The
diagnostic criteria for type 2 diabetes are based on the World
Health Organization (WHO) diagnostic criteria (http://www.
who.int/diabetes/publications/diagnosis_diabetes2006/en/).

Isolation of PBMCs and Flow Cytometry
Peripheral blood mononuclear cells (PBMCs) were separated by
density gradient centrifugation using human peripheral blood
lymphocyte isolation fluid. (ITBD Science, Tianjin, China). For
flow cytometry staining of PBMCs, the following anti-human
monoclonal antibodies were obtained from BioLegend:CD3
(HIT3a, PerCP-Cy5.5), CD3 (HIT3a, FITC), CD56 (HCD56,
BV510), CD56 (HCD56, PE-Cy7), CD45 (2D1, APC-Cy7), Tim-
3 (F38-2E2, PE), NKG2A (S19004C, APC), TIGIT (A15153G,
APC), NKG2D (1D11, APC), CD16 (3G8, APC), NKP46 (9E2,
FITC), CD27 (M-T271, FITC), CD69 (EN50, PE-Cy7), CD14
(63D3, PE), Galectin-9 (9M1-3, PE-Cy7), CD4 (OKT4, APC-
Cy7), LAG-3 (11C3C65, BV421), TNF-o. (W19063E, PE), IFN-y
(4S.B3, APC), and CD107a (H4A3, PE-Cy7). Isotype control
immunoglobulin G was used as control. Anti-CD66 (Bl1.1,
FITC), anti-CD19 (HIB19, PerCP-Cy5.5), anti-Ki67 (B56,
Alexa-Fluor 647) and anti-HLA-DR (L203.rMAb, PE) was
purchased from BD Bioscience. PBMCs were incubated with
antibodies at 4°C for 30 min. Cell staining was evaluated using a
BD FACSCanto flow cytometer, and data analysis was performed
with FlowJo software v10 (TreeStar, USA). For intracellular
cytokine assays, isolated PBMCs were stimulated with medium
containing 10% fetal bovine serum (FBS, Biosharp, China) in the
presence of 50 ng/ml phorbol 12-myristate 13-acetate, 1 ug/ml
ionomycin, and 10 pg/ml monensin (all from Sigma-Aldrich,
USA) for 4 h. Following immunolabeling of surface molecules,
cells were fixed, permeabilized, and labeled with specific
cytokine-targeting antibodies. After washing off excess
antibodies, signal detection was carried out by flow cytometry.
The gating strategy is shown in Figure 1.

Lentiviral Package and Transduction

of Cells

pLVX-EF10-IRES-puro vector containing human Galectin-9
and CD66a gene was generated by Azenta. Lentiviral
supernatants were generated by co-transfecting HEK293T cells
with pLVX-EF10-IRES-puro, psPAX2 (VT1444, YouBio,
Changsha, Hunan, China) and pMD2G (VT1443, YouBio,
Changsha, Hunan, China) plasmids using Lipofectamine 3000
reagent (Invitrogen, Carlsbad, CA, USA). Culture supernatants
collected 48 h after transfection were added directly to K562 cells
plated in 6-well culture plates, and Polybrene (Sigma Aldrich, St.
Louis, MO, USA) was added at a final concentration of 5 it g/mL
for 24 h. Transduced cells were selected by adding 5 p g/mL
puromycin (Invitrogen, Carlsbad, CA, USA). K562 cells
transduced with Galectin-9 and CD66a were named K562-
Galectin-9 and K562-CD66a, respectively. Transfection
efficiency was determined by flow cytometry.
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FIGURE 1 | Circulating NK cell counts are decreased in T2DM patients. (A) Sequential strategy for gating CD56%™ and CD56°"9™ NK cells from PBMGCs using flow
cytometry. Flow cytometry estimations of frequency and absolute number of total NK cells (B), CD56%™ NK cells (C), and CD56°"" NK cells (D) in patients with T2DM
and healthy controls (HC). Each dot represents a different individual and results are presented as the mean + SEM; ***p < 0.0001.

In Vitro Culture Systems

Tim-3 and Galectin-9 Blockade

For Tim-3 blocking assays, PBMCs from T2DM patients were
preincubated with 10 ug/ml of anti-human Tim-3 (BioLegend,
Cat#F38-2E2) or Galectin-9 (BioLegend, Cat#9M1-3) in DMEM
(Hyclone, USA) containing 10% T2DM serum for 6 h at 37°C.
These cells were subsequently stimulated with 50ng/ml IL-12
plus 50ng/ml IL-18 (Proteintech, USA) for evaluating cytokine
secretion and granule release.

PBMC Culture Systems

Freshly isolated PBMCs from healthy donors were cultured in
glucose-free RPMI-1640 medium (Procell, China) with 10% FBS
containing 5.5 mM, 25 mM and 50 mM glucose (25). After 24h,
48h and 72h, the expression of Tim-3 on NK cells was analyzed
by flow cytometry.

NK Cell-Mediated Cytotoxicity Assay

NK92 cells or freshly isolated PBMCs from T2DM patients were
diluted in RPMI-1640 medium (Procell, China) containing 10%
FBS and seeded into 96-well round bottom plate. K562, K562-
Galectin-9, K562-CEACAM-1 cells were labeled with CellTrace
Violet Cell Proliferation Kit (Thermofisher, C34557) according
to manual protocol, diluted in RPMI-1640 medium (Procell,
China) containing 10% FBS and then seeded into 96 well round
bottom plate (1x10*/well) with or without effector cells. Tim-3

antibody or Galectin-9 antibody was added to a final
concentration of 5ug/ml at the final volume of 200ul/well. The
plate was then cultured at 37°C, 5% CO, for 4h. After 4 h, the
wells were harvested and 7-aminoactinomycin D (7-AAD, BD
bioscience) was added before analyses. Samples were mixed
thoroughly and analyzed by flow cytometry.

NK92 and Target Cell Coculture

1x10* NK92 were cultured in RPMI-1640 medium (Procell,
China) containing 10% FBS with K562, K562-Galectin-9 and
K562-CEACAM-1 cells at the E:T ratio of 1:1 in 96 well round
bottom plate at the final volume of 200ul/well. After 24h, the
culturing supernatants were collected and analyzed by human
IFN-y ELISA kit (Dakewe Biotech, 1110002) according to
manual protocol.

Apoptosis Detection

Apoptosis detection in NK cells was performed using an APC
Annexin V Apoptosis Detection Kit (BioLegend). Cells were
washed twice with PBS and resuspended in 1x binding buffer at a
concentration of 1x10° cells/ml. Then, a 100 uL sample (1x10°
cells) was transferred to a 5 ml test tube with 5 uL. APC Annexin
V and 7-AAD. The cells were then gently vortexed and incubated
for 15 min in the dark at room temperature (25°C). Finally, 400
pL of 1x binding buffer was added to each tube before analysis by
flow cytometry.
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ELISA

The level of Galectin-9 in the human serum was measured using
Human Galectin-9 ELISA kit (Proteintech, USA) according to
the manufacturer’s protocol.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.0
software. Quantitative data were expressed as mean + standard
deviation (SD). Comparisons were made between two groups
using an unpaired t-test or the Mann-Whitney U test, depending
on whether group values conformed to a normal distribution.
Pearson’s correlation test was used to identify correlations
between cell receptor expression and biochemical variables.
P<0.05 was considered significant.

RESULTS

T2DM Patients Exhibit a Reduced Number
of Peripheral Blood NK Cells

To investigate whether NK cells are affected in T2DM patients,
we recruited 90 patients with T2DM and 62 age- and sex-
matched healthy volunteers and analyzed their PBMCs. Gating
strategies for total lymphocytes and NK cells are shown in
Supplementary Figure S1A. We found that the frequency and
absolute number of total NK cells were significantly lower in
patients with T2DM compared to healthy volunteers
(Figure 1B). We further analyzed the distribution of the two
NK cell subpopulations, i.e., CD56%™ and CD56"¢" NK cells
(see Figure 1A for details). In line with the observed changes in
total NK cell numbers, the frequency and absolute number of
CD56%™ and CD56°¢" NK cells were also significantly
lower in T2DM patients (Figures 1C, D). No significant
differences between groups were noted in the analysis of CD3"
T lymphocytes and CD14" monocytes (Supplementary
Figure S1B).

NK Cells From T2DM Patients
Overexpress Tim-3 and

Underexpress NKG2D

To determine whether T2DM affects receptor expression on NK
cells, we analyzed the expression of the inhibitory receptors Tim-
3, NKG2A, LAG-3, and TIGIT, as well as the expression of the
activating receptors NKG2D, NKp46, and CD69 on peripheral
blood NK cells. We found that the mean fluorescence intensity
(MFI) and the frequency of Tim-3" and LAG-3" NK cells were
increased, while the expression of NKG2A and TIGIT was not
affected (Figures 2A, C and Supplementary Figure S2A). In line
with data from total NK cells, overexpression of both Tim-3 and
LAG-3 was detected in both CD56"™ and CD56""8"" NK cell
subsets. MFI and frequency of NKG2D" NK cells were decreased
in T2DM patients, while activating receptor NKp46 expression
was not affected (Figures 2B, D, and Supplementary Figure
S$2B). Similar expression patterns for these two markers were
also recorded in CD56%™ and CD56"€" NK cell subsets.
Indicating NK cell activation, the expression of CD69 was

upregulated in samples from T2DM patients compared to
controls (Figure 2D). We also analyzed the expression of
CD27, a marker of NK cell differentiation and maturation (26).
Results showed that CD27 expression was significantly higher in
CD56° " compared to CD56%™ NK cells in both diabetic and
non-diabetic subjects (Figure 2D and Supplementary
Figure S2B).

Among the inhibitory receptors assessed, Tim-3 was the
most abundantly expressed on NK cells (Figure 2C). In turn,
both MFI and percentage of Tim-3" NK cells were higher in
T2DM patients relative to controls. Consistent with previous
studies (24), there was no significant difference in Tim-3
expression on CD3" T cells from T2DM patients compared
to healthy volunteers (Supplementary Figure S2C). These
results suggest that peripheral blood NK cells in T2DM
patients are under chronic stimulation and proceed into an
immunosuppressed state, denoted by increased Tim-3 and
decreased NKG2D expression.

T2DM Patients Have Impaired NK

Cell Functions

To assess potential functional changes in NK cells in T2DM, we
examined by flow cytometry their cytokine production capacity
upon PMA/ionomycin stimulation (see Supplementary Figure
S3A for gating details). As shown in Figure 3A, both the
percentage and absolute number of TNF-o" NK cells were
significantly decreased in T2DM patients (Figure 3B).
Moreover, NK cells from T2DM patients also exhibited
impaired degranulation, as evidenced by decreased CD107a
expression compared to healthy volunteers (Figure 3C). The
percentage of IFN-y" NK cells was also decreased in T2DM
patients, though this decrease did not achieve statistical
significance, and the lower absolute number of IFN-y" NK cells
may be attributed to their lower NK cells (Figure 3D). These data
suggest that NK cells have reduced cytokine synthesis and are
less likely to mediate cytotoxicity in patients with T2DM
compared to healthy individuals.

Increased Tim-3 Expression Correlates
With Enhanced Apoptosis of NK

Cells in T2DM Patients

Glycosylated hemoglobin (HbAlc) is a standard indicator for
glycemic control and prediction of diabetes complications (27).
Patients with poorly controlled T2DM have higher HbAlc and
elevated fasting blood glucose (FBG) levels. Therefore, the
correlation between NK cell receptor expression and HbAlc
and FBG levels was analyzed in the two cohorts. As shown in
Figure 4A, Tim-3 expression on NK cells from T2DM patients
was positively correlated with both HbAlc and FBG levels
(r=0.29, P=0.04, and r=0.30, P=0.03, respectively). Likewise,
and suggestive of NK cell activation, a positive correlation
between CD69 expression and both HbAlc and FBG levels
were also detected in T2DM samples (r=0.37, P=0.008 and
r=0.38, P=0.007, respectively; Figure 4B). In contrast, no
correlation between the expression of other NK cell receptors
(NKG2A, LAG-3, TIGIT, NKG2D, NKp46, and CD27) and
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n.s., not significant. See also Supplementary Figure S2.

either HbAlc or FBG levels was observed in T2DM patient
samples (Figures 4C-H). To further determine whether high
concentrations of glucose affect the expression of Tim-3 on NK
cells in vitro, PBMCs isolated from healthy donors were cultured
in medium containing 5.5 mM, 25 mM, and 50 mM of glucose
and Tim-3 expression was analyzed by flow cytometry. We
found that high glucose treatment did not change the
expression of Tim-3 directly (Supplementary Figures S4A, B).

Despite its characteristic abundance, the regulatory function
of Tim-3 on NK cells in the microenvironment of T2DM is
unclear. Interestingly, we found that in NK cells from T2DM
patients the expression of Tim-3 was negatively correlated with
both the percentage and absolute number of circulating NK cells
(r=-0.38, P=0.007 and r=-0.32, P=0.02, respectively; Figure 5A).
Consistent with these data, we observed that the frequencies of
Annexin V' NK cells were higher in T2DM patients than in
healthy donors, while the frequencies of proliferative (Ki67")
cells among two cohorts were similar (Figure 5B). Further
analysis showed that Tim-3" NK cells from T2DM patients
showed a greater propensity to undergo apoptosis compared
with Tim-3" NK cells (Figure 5C). Overall, these results
indicate that in poorly controlled T2DM, the expression of
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FIGURE 2 | NK cells from T2DM patients have an impaired phenotype. (A) Representative histograms showing the expression of the inhibitory receptors Tim-3,
LAG-3, NKG2A, and TIGIT on total NK cells from patients with T2DM and healthy controls (HC). (B) Representative histograms showing the expression of activating
receptors NKG2D, CD69, NKp46, and CD27 on total NK cells from patients with T2DM and HC. (C) Comparison of the mean fluorescence intensity (MFI) of
inhibitory receptor expression in total NK cells and NK cell subsets. (D) Comparison of the MFI of activating receptor expression in whole NK cells and NK cell
subsets. Data are representative of more than three independent experiments and results are presented as the mean + SEM; *p < 0.05, *p < 0.01, **p < 0.001,

Tim-3 on NK cells is higher, which may cause NK cell
dysfunction and apoptosis.

Tim-3* NK Cells Are Exhausted in

T2DM Patients

To determine whether Tim-3 overexpression impairs NK cell
function, we compared the expression of NKG2A, TNF-o, and
CD107a in Tim-3" and Tim-3" NK cells from T2DM patients.
We found that NKG2A expression was higher in Tim-3",
compared to Tim-3", NK cells (Figures 6A, B). In addition,
Tim-3" NK cells produced significantly less TNF-o. in response
to PMA and ionomycin stimulation (Figures 6A, C) and showed
also decreased CD107a production, although this change did not
achieve statistical significance (Figures 6A, D). Furthermore, we
found that Tim-3" CD4" T cells from T2DM patients have a
much weaker capacity to produce TNF-o and IFN-y after PMA/
ionomycin induction (Supplementary Figure S5A).
Importantly, a negative correlation was established between the
percentage of TNF-ar" NK cells and that of Tim-3" NK cells in
patients with T2DM (r=-0.44, P=0.01; Figure 6E). These data
indicate that Tim-3 overexpression is correlated with NK cell
exhaustion in patients with long-term T2DM.
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FIGURE 3 | Circulating NK cells from patients with T2DM show functional impairment. (A) PBMCs from T2DM and healthy controls (HC) were stimulated with PMA
and ionomycin and the expression of TNF-a, IFN-y, and CD107a by NK cells was determined by flow cytometry. (B-D) Analysis of the percentage and absolute
number of TNF-a.* (B), CD107a" (C), and IFN-y * (D) NK cells in patients with T2DM and HC. Each dot represents a different individual and results are presented as

Galectin-9/Tim-3 Pathway Blockade
Restores NK Cell Function

It has been reported that Tim-3 exerts inhibitory function in T
cells by interacting with Galectin-9, while the reports on CD66a/
Tim-3 interaction remain conflicting (16, 28). No significant
differences in Galectin-9 and CD66a/c/d/e expression were
detected among monocytes, CD4" T cells, CD8" T cells, NK
cells, NKT cells and dendritic cells from T2DM and control study
participants (Supplementary Figures S6A-D). Consistent with
previous studies (24, 29), we observed elevated serum Galectin-9
levels in patients with T2DM (Supplementary Figure S6E),
suggesting the soluble Galectin-9 may negatively regulate the
immune response via Galectin-9/Tim-3 pathway.

Then, we evaluated the influence of Galectin-9/Tim-3 or
CD66a/Tim-3 interaction on NK cell functions using NK92 cell
line. Mild expression of Tim-3 on NK92 cells were confirmed using
flow cytometry. K562 cells, the commonly used NK target cells,
rarely express Galectin-9 or CD66a/c/d/e. We constructed K562-
Galectin-9 and K562-CD66a cells by overexpressing the respective
receptors and expression of Galectin-9 and CD66a was confirmed
with flow cytometry (Supplementary Figure S7A). K562, K562-
Galectin-9 and K562-CD66a cells were subjected to NK92-
mediated 4 hour cytotoxicity assay or 24h coculture assay.
Overexpression of Galectin-9 on K562 cells significantly inhibited
NK mediated cytotoxicity in 4h cytotoxicity assay as well as IFN-y
production in 24h coculture assay, while overexpression of CD66a
has no impact (Supplementary Figures S7B, C). Overall, our

results suggested that Galectin-9/Tim-3 interaction significantly
inhibited NK cell function while CD66a/Tim-3 interaction had
rare impact on NK cell function.

We further assessed the influence of Galectin-9/Tim-3
blockade on T2DM NK cells function. We found that
overexpression of Galectin-9 on K562 cells had no impact on
T2DM NK cells mediated cytotoxicity and blocking Galectin-9/
Tim-3 interaction with antibodies did not affect T2DM NK cells
mediated cytotoxicity against K562-Galectin-9 (Figure 7A). In
the IL-12 and IL-18 stimulating assay, it was observed that the
production of both TNF-a. and IFN-y were upregulated upon
Tim-3 and Galectin-9 blockade, while the production of CD107a
did not achieve statistical significance (Figures 7B, C). Our
results suggested that Tim-3 and Galectin-9 blockade
recovered IFN-y and TNF-o production of T2DM NK cells but
did not affect T2DM NK cell-mediated cytotoxicity.

DISCUSSION

T2DM is associated with increased morbidity and mortality from
several cancers and is also a risk factor for infectious diseases
such as tuberculosis, melioidosis, and COVID-19 (30-32).
Immune dysfunction is thought to be responsible for increased
risk of infection and cancer incidence in people with T2DM.
Previous studies have shown that T2DM impairs the immune
responses of neutrophils, macrophages, and T cell (33).
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Hyperglycemia decreases the production of type I IFN, while low
intracellular GSH concentrations reduce IL-12 and IFN-y
production, leaving patients vulnerable to multiple pathogens
(34, 35).

NK cells play an important role in immune surveillance
against infections and tumor cells. Since our understanding of
the mechanisms underlying immune dysfunction in diabetes is
still fragmentary, in this study we investigated the representation
and functional status of NK cells in patients with T2DM. We
found that both the frequency and absolute number of NK cells
were significantly reduced in the peripheral blood of T2DM
patients, and these changes were accompanied by overexpression
of the inhibitory receptor Tim-3 and underexpression of the
activating receptor NKG2D in those cells. Both TNF-o secretion
and degranulation function (evidenced by CD107a expression)
were dampened in patients’ NK cells. We further found that the
expression of Tim-3 on NK cells positively correlated with
patients HbAlc and FBG levels. Moreover, Tim-3 expression
on NK cells negatively correlated with the percentage and
absolute number of circulating total NK cells, and rendered
them prone to apoptosis. In addition, Tim-3 expression on NK
cells correlated negatively with their ability to secrete TNF-o and
the function of NK cells could be restored by blocking Galectin-
9/Tim-3 pathway.

Several studies reported no difference in the frequency of
circulating NK cells between T2DM patients and non-diabetic
controls (11, 36-40). Contrary to our findings, Lv et al. reported a
significant increase in the proportion of NK cells in T2DM
patients (41). It is possible that differences in inclusion criteria or
testing methods may have led to these disparate conclusions. NK
cells comprise a heterogeneous population, and changes in their
activation status were reported at different stages of human type I
diabetes (42).

Our study also provides a plausible explanation for the
observed decrease in NK cell numbers in patients with T2DM,
as Tim-3" NK cells exhibited a greater tendency toward
apoptosis than Tim-3~ NK cells, and their numbers correlated
inversely with the abundance of total circulating NK cells. This is
consistent with findings from Zheng et al. who found a negative
correlation between Tim-3 expression and frequency of tumor-
infiltrating NK cells (43). Indeed, Tim-3 has been reported to
mediate T cell and NK cell apoptosis and dysfunction in various
diseases (15, 44). In patients with atherosclerosis, increased
expression of CD160 on NK cells stimulates the production of
TNF-0, which leads to NK cell apoptosis and a subsequent
decrease in the number of circulating NK cells (45).

We further found that T2DM-associated Tim-3
overexpression occurred in parallel with decreased NKG2D
expression in both CD56%™ and CD56°"#" NK cell
subpopulations. Our findings are thus consistent with those of
Berrou et al. who reported reduced expression of NKG2D and
defective degranulation capacity in NK cells from T2DM patients
(11). NKG2D expression is also reduced in NK cells from
children with type 1 diabetes (T1D) and is linked to defective
NKG2D-mediated activation of the phosphoinositide 3-kinase-
AKT pathway (46). This suggests that NK cell dysfunction

contributes to the pathogenesis of both T2DM and T1D. It was
also reported that the activity of NK cells in T2DM patients is
lower than in individuals with either prediabetes or normal
glucose tolerance (40).

Despite the above evidence, the mechanisms underlying NK
cell dysfunction in T2DM are not fully understood. As an
inhibitory molecule, Tim-3 has been reported to promote
immune tolerance through downregulation of Thl-dependent
immune responses, and Tim-3 pathway blockade was shown to
accelerate diabetes in non-obese diabetic mice (47) I contrast,
and attesting to the obvious complexity of Tim-3 interactions in
different immune cells, Tim-3 was shown to promote
macrophage activation through the NF-kB/TNF-o. pathway to
exacerbate foot cell injury in diabetic nephropathy (48). In the
present study, we demonstrated that the expression of Tim-3 on
NK cells positively correlated with both HbAlc and FBG levels,
two major markers of glycemic control. In addition, Tim-3
expression was associated with increased NKG2A levels in
T2DM NK cells. Elevated expression of NKG2A, an immune
checkpoint protein, was shown to induce NK cell exhaustion
(49). Combined with the above results, our findings strongly
connect Tim-3 expression with functional dysfunction of NK
cells in T2DM.

The mechanisms regulating Tim-3 expression on NK cells
remain incompletely understood. We found that high glucose
treatment does not affect Tim-3 expression on NK cells in vitro,
suggesting that hyperglycemia upregulating Tim-3 on NK cells
indirectly, which needs to be further investigated. Galectin-9 is
produced by diverse cell types, including tumor cells, endothelial
cells and lymphocytes, and interacts with Tim-3 to negatively
regulate cellular immune responses (50). We failed to detect
significant differences in Galectin-9 expression in T cells,
monocytes, dendritic cells and NKT cells from T2DM patients
and healthy volunteers, but we found higher serum Galectin-9
levels in T2DM patients. The exact mechanism of secretion for
Galectin-9 is poorly understood and it is not certain which cells
are responsible for the elevated serum soluble Galectin-9 (50),
while cells other than immune cells might contribute to it
(51, 52).

CD66a has been reported to be a ligand for Tim-3 and
endows Tim-3 with inhibitory function to suppress T cell
function and downregulate anti-tumor immunity (16). But the
reports remain conflicting and need to be further investigated. It
was previously reported that the level of CD66a in serum was
significantly decreased in T2DM patients (53). In our study, we
found there were no significant differences in CD66a/c/d/e
expression on monocytes, T cells, NK cells, NKT cells and
dendritic cells from T2DM and healthy donors. Meanwhile, we
explored the influence of CD66a/Tim-3 interaction on NK cell
function and found that overexpression of CD66a on target cells
did not affect NK92 cell mediated cytotoxicity or IFN-y
production, suggesting CD66a/Tim-3 has rare impact on NK
cell function.

Our results showed that Tim-3 and Galectin-9 blockade
recovered IFN-y and TNF-o production but did not affect
CD107a expression, which is consistent with the results that
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overexpression of Galectin-9 on K562 cells does not affect T2DM
NK cell-mediated cytotoxicity.

In conclusion, this study comprehensively assessed the
expression of key immunomodulatory receptors and cytokines
on NK cells and provided new insights into the phenotypic
alterations that drive impaired NK cell functions in patients with
T2DM. Our data suggest that elevated Tim-3 expression on NK
cells leads to apoptosis-mediated reduction in NK cell numbers
and induces NK cell dysfunction, thereby increasing the risk of
cancer and infectious diseases in T2DM.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The First Affiliated Hospital of Anhui Medical
University The committee on Medical Ethics. The patients/
participants provided their written informed consent to
participate in this study. Written informed consent was

REFERENCES

1. International Diabetes Federation. Home. 2022: The Global Advocate for
People With Diabetes. The Mission of IDF is to Promote Diabetes Care,
Prevention and a Cure Worldwide. IDF Diabetes Atlas — 10th Edition.
DiabetesAtlas (2021). Available at: http://www. diabetesatlas.org/.

2. Roden M, Shulman GI. The Integrative Biology of Type 2 Diabetes. Nature
(2019) 576:51-60. doi: 10.1038/s41586-019-1797-8

3. Donath MY, Shoelson SE. Type 2 Diabetes as an Inflammatory Disease. Nat
Rev Immunol (2011) 11:98-107. doi: 10.1038/nri2925

4. Gregg EW, Sattar N, Ali MK. The Changing Face of Diabetes Complications.
Lancet Diabetes Endocrinol (2016) 4:537-47. doi: 10.1016/S2213-8587(16)
30010-9

5. Abu-Farha M, Al-Mulla F, Thanaraj TA, Kavalakatt S, Ali H, Abdul Ghani M,
et al. Impact of Diabetes in Patients Diagnosed With COVID-19. Front
Immunol (2020) 11:576818. doi: 10.3389/fimmu.2020.576818

6. O’'Brien KL, Finlay DK. Immunometabolism and Natural Killer Cell
Responses. Nat Rev Immunol (2019) 19:282-90. doi: 10.1038/s41577-019-
0139-2

7. Bi ], Tian Z. NK Cell Dysfunction and Checkpoint Immunotherapy. Front
Immunol (2019) 10:1999. doi: 10.3389/fimmu.2019.01999

8. Martinet L, Smyth M]J. Balancing Natural Killer Cell Activation Through
Paired Receptors. Nat Rev Immunol (2015) 15:243-54. doi: 10.1038/nri3799

9. Melsen JE, Lugthart G, Lankester AC, Schilham MW. Human Circulating and

Tissue-Resident CD56(bright) Natural Killer Cell Populations. Front

Immunol (2016) 7:262. doi: 10.3389/fimmu.2016.00262

Cooper MA, Fehniger TA, Caligiuri MA. The Biology of Human Natural

Killer-Cell Subsets. Trends Immunol (2001) 22:633-40. doi: 10.1016/S1471-

4906(01)02060-9

Berrou J, Fougeray S, Venot M, Chardiny V, Gautier J, Dulphy N, et al.

Natural Killer Cell Function, an Important Target for Infection and Tumor

Protection, Is Impaired in Type 2 Diabetes. PloS One (2013) 8:e62418.

doi: 10.1371/journal.pone.0062418

10.

11.

obtained from the individual(s) for the publication of any
potentially identifiable images or data included in this article.

AUTHOR CONTRIBUTIONS

HW and LT designed and wrote the manuscript. HW and SL
performed the experiments and analyses. KC and YX were
involved in the collection of clinical samples. LT designed and
supervised the experiments and wrote the manuscript. All
authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant No. 31800737).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
852436/full#supplementary-material

12. Pia}tkiewicz P, Mitek T, Bernat-Karpinska M, Ohams M, Czech A, Ciostek P.
The Dysfunction of NK Cells in Patients With Type 2 Diabetes and Colon
Cancer. Arch Immunol Ther Ex (2013) 61:245-53. doi: 10.1007/s00005-013-
0222-5

Nam HW, Cho YJ, Lim JA, Kim SJ, Kim H, Sim SY, et al. Functional Status of
Immune Cells in Patients With Long-Lasting Type 2 Diabetes Mellitus. Clin
Exp Immunol (2018) 194:125-36. doi: 10.1111/cei.13187

Wolf Y, Anderson AC, Kuchroo VK. TIM3 Comes of Age as an Inhibitory
Receptor. Nat Rev Immunol (2020) 20:173-85. doi: 10.1038/s41577-019-
0224-6

Zhu C, Anderson AC, Schubart A, Xiong H, Imitola J, Khoury SJ, et al. The
Tim-3 Ligand Galectin-9 Negatively Regulates T Helper Type 1 Immunity.
Nat Immunol (2005) 6:1245-52. doi: 10.1038/ni1271

Huang Y, Zhu C, Kondo Y, Anderson AC, Gandhi A, Russell A, et al.
CEACAM1 Regulates TIM-3-Mediated Tolerance and Exhaustion. Nature
(2015) 517:386-90. doi: 10.1038/nature13848

Yasinska IM, Sakhnevych SS, Pavlova L, Teo Hansen Selng A, Teuscher
Abeleira AM, Benlaouer O, et al. The Tim-3-Galectin-9 Pathway and its
Regulatory Mechanisms in Human Breast Cancer. Front Immunol (2019)
10:1594. doi: 10.3389/fimmu.2019.01594

da Silva IP, Gallois A, Jimenez-Baranda S, Khan S, Anderson AC, Kuchroo
VK, et al. Reversal of NK-Cell Exhaustion in Advanced Melanoma by Tim-3
Blockade. Cancer Immunol Res (2014) 2:410-22. doi: 10.1158/2326-6066.CIR-
13-0171

Tan S, Xu Y, Wang Z, Wang T, Du X, Song X, et al. Tim-3 Hampers Tumor
Surveillance of Liver-Resident and Conventional NK Cells by Disrupting PI3K
Signaling. Cancer Res (2020) 80:1130-42. doi: 10.1158/0008-5472.CAN-19-
2332

Golden-Mason L, Waasdorp Hurtado CE, Cheng L, Rosen HR. Hepatitis C
Viral Infection Is Associated With Activated Cytolytic Natural Killer Cells
Expressing High Levels of T Cell Immunoglobulin- and Mucin-Domain-
Containing Molecule-3. Clin Immunol (Orlando Fla) (2015) 158:114-25.
doi: 10.1016/j.clim.2015.03.008

13.

14.

15.

16.

17.

18.

19.

20.

Frontiers in Immunology | www.frontiersin.org

April 2022 | Volume 13 | Article 852436


https://www.frontiersin.org/articles/10.3389/fimmu.2022.852436/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.852436/full#supplementary-material
http://www. diabetesatlas.org/
https://doi.org/10.1038/s41586-019-1797-8
https://doi.org/10.1038/nri2925
https://doi.org/10.1016/S2213-8587(16)30010-9
https://doi.org/10.1016/S2213-8587(16)30010-9
https://doi.org/10.3389/fimmu.2020.576818
https://doi.org/10.1038/s41577-019-0139-2
https://doi.org/10.1038/s41577-019-0139-2
https://doi.org/10.3389/fimmu.2019.01999
https://doi.org/10.1038/nri3799
https://doi.org/10.3389/fimmu.2016.00262
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1371/journal.pone.0062418
https://doi.org/10.1007/s00005-013-0222-5
https://doi.org/10.1007/s00005-013-0222-5
https://doi.org/10.1111/cei.13187
https://doi.org/10.1038/s41577-019-0224-6
https://doi.org/10.1038/s41577-019-0224-6
https://doi.org/10.1038/ni1271
https://doi.org/10.1038/nature13848
https://doi.org/10.3389/fimmu.2019.01594
https://doi.org/10.1158/2326-6066.CIR-13-0171
https://doi.org/10.1158/2326-6066.CIR-13-0171
https://doi.org/10.1158/0008-5472.CAN-19-2332
https://doi.org/10.1158/0008-5472.CAN-19-2332
https://doi.org/10.1016/j.clim.2015.03.008
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

T2DM NK Dysfunction by Tim-3

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Acharya N, Sabatos-Peyton C, Anderson AC. Tim-3 Finds its Place in the
Cancer Immunotherapy Landscape. ] Immunother Cancer (2020) 8:¢911.
doi: 10.1136/jitc-2020-000911

Das M, Zhu C, Kuchroo VK. Tim-3 and its Role in Regulating Anti-Tumor
Immunity. Immunol Rev (2017) 276:97-111. doi: 10.1111/imr.12520

Yan W, Sun P, Wei D, Wang S, Yang ], Li Y, et al. T Cell Immunoglobulin and
Mucin Domain-Containing Molecule 3 on CD14(+) Monocytes Serves as a
Novel Biological Marker for Diabetes Duration in Type 2 Diabetes Mellitus.
] Diabetes Invest (2016) 7:867-73. doi: 10.1111/jdi.12523

Sun L, Zou S, Ding S, Du X, Shen Y, Liu C, et al. Circulating T Cells Exhibit
Different TIM3/Galectin-9 Expression in Patients With Obesity and Obesity-
Related Diabetes. J Diabetes Res (2020) 2020:2583257. doi: 10.1155/2020/2583257
Zhang D, Jin W, Wu R, Li J, Park S, Tu E, et al. High Glucose Intake
Exacerbates Autoimmunity Through Reactive-Oxygen-Species-Mediated
TGF-B Cytokine Activation. Immunity (2019) 51:671-81. doi: 10.1016/
j-immuni.2019.08.001

Romagnani C, Juelke K, Falco M, Morandi B, D’Agostino A, Costa R, et al.
CD56brightCD16- Killer Ig-Like Receptor- NK Cells Display Longer Telomeres
and Acquire Features of CD56dim NK Cells Upon Activation. ] Immunol
(Baltimore Md 1950) (2007) 178:4947-55. doi: 10.4049/jimmunol.178.8.4947
Bergenstal RM. Glycemic Variability and Diabetes Complications: Does it
Matter? Simply Put, There are Better Glycemic Markers! Diabetes Care (2015)
38:1615-21. doi: 10.2337/dc15-0099

De Sousa Linhares A, Kellner F, Jutz S, Zlabinger GJ, Gabius H, Huppa JB,
et al. TIM-3 and CEACAMI1 do Not Interact in Cis and in Trans. Eur |
Immunol (2020) 50:1126-41. doi: 10.1002/eji.201948400

Kurose Y, Wada J, Kanzaki M, Teshigawara S, Nakatsuka A, Murakami K,
et al. Serum Galectin-9 Levels Are Elevated in the Patients With Type 2
Diabetes and Chronic Kidney Disease. BMC Nephrol (2013) 14:23.
doi: 10.1186/1471-2369-14-23

Kumar Nathella P, Babu S. Influence of Diabetes Mellitus on Immunity to Human
Tuberculosis. Immunology (2017) 152:13-24. doi: 10.1111/imm.12762
Kronsteiner B, Chaichana P, Sumonwiriya M, Jenjaroen K, Chowdhury FR,
Chumseng S, et al. Diabetes Alters Immune Response Patterns to Acute
Melioidosis in Humans. Eur ] Immunol (2019) 49:1092-106. doi: 10.1002/
€ji.201848037

Shen Y, Zhang L, Fan X, Zhou J. Effectiveness of Remote Continuous Glucose
Monitoring on Adverse Outcomes Among Patients With Diabetes
Complicated With COVID-19. | Diabetes Invest (2021) 12:1923-4.
doi: 10.1111/jdi.13537

Berbudi A, Rahmadika N, Tjahjadi AI, Ruslami R. Type 2 Diabetes and its
Impact on the Immune System. Curr Diabetes Rev (2020) 16:442-9.
doi: 10.2174/1573399815666191024085838

Hu R, Xia C, Butfiloski E, Clare-Salzler M. Effect of High Glucose on Cytokine
Production by Human Peripheral Blood Immune Cells and Type I Interferon
Signaling in Monocytes: Implications for the Role of Hyperglycemia in the
Diabetes Inflammatory Process and Host Defense Against Infection. Clin
Immunol (Orlando Fla) (2018) 195:139-48. doi: 10.1016/j.clim.2018.06.003
Tan KS, Lee KO, Low KC, Gamage AM, Liu Y, Tan GG, et al. Glutathione
Deficiency in Type 2 Diabetes Impairs Cytokine Responses and Control of
Intracellular Bacteria. J Clin Invest (2012) 122:2289-300. doi: 10.1172/
JCI57817

Guo H, Xu B, Gao L, Sun X, Qu X, Li X, et al. High Frequency of Activated
Natural Killer and Natural Killer T-Cells in Patients With New Onset of Type
2 Diabetes Mellitus. Exp Biol Med (Maywood NJ) (2012) 237:556-62.
doi: 10.1258/ebm.2012.011272

Medellin-Garibay SE, Cortez-Espinosa N, Milan-Segovia RC, Magania-Aquino
M, Vargas-Morales JM, Gonzalez-Amaro R, et al. Clinical Pharmacokinetics
of Rifampin in Patients With Tuberculosis and Type 2 Diabetes Mellitus:
Association With Biochemical and Immunological Parameters. Antimicrob
Agents Ch (2015) 59:7707-14. doi: 10.1128/AAC.01067-15

Simar D, Versteyhe S, Donkin I, Liu ], Hesson L, Nylander V, et al. DNA
Methylation is Altered in B and NK Lymphocytes in Obese and Type 2
Diabetic Human. Metabol: Clin Exp (2014) 63:1188-97. doi: 10.1016/
j.metabol.2014.05.014

Olson NC, Doyle MF, de Boer IH, Huber SA, Jenny NS, Kronmal RA, et al.
Associations of Circulating Lymphocyte Subpopulations With Type 2
Diabetes: Cross-Sectional Results From the Multi-Ethnic Study of

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Atherosclerosis (MESA). PloS One (2015) 10:e139962. doi: 10.1371/
journal.pone.0139962

Kim JH, Park K, Lee SB, Kang S, Park JS, Ahn CW, et al. Relationship Between
Natural Killer Cell Activity and Glucose Control in Patients With Type 2
Diabetes and Prediabetes. | Diabetes Invest (2019) 10:1223-8. doi: 10.1111/
jdi.13002

Lv X, Gao Y, Dong T, Yang L. Role of Natural Killer T (NKT) Cells in Type II
Diabetes-Induced Vascular Injuries. Med Sci Monitor (2018) 24:8322-32.
doi: 10.12659/MSM.912446

Rodacki M, Svoren B, Butty V, Besse W, Laffel L, Benoist C, et al. Altered
Natural Killer Cells in Type 1 Diabetic Patients. Diabetes (2007) 56:177-85.
doi: 10.2337/db06-0493

Zheng Y, Li Y, Lian ], Yang H, Li F, Zhao S, et al. TNF-o-Induced Tim-3
Expression Marks the Dysfunction of Infiltrating Natural Killer Cells in
Human Esophageal Cancer. J Transl Med (2019) 17:165. doi: 10.1186/
$12967-019-1917-0

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

Zuo J, Shan Z, Zhou L, Yu J, Liu X, Gao Y. Increased CD160 Expression on
Circulating Natural Killer Cells in Atherogenesis. ] Transl Med (2015) 13:188.
doi: 10.1186/s12967-015-0564-3

Qin H, Lee I, Panagiotopoulos C, Wang X, Chu AD, Utz PJ, et al. Natural
Killer Cells From Children With Type 1 Diabetes Have Defects in NKG2D-
Dependent Function and Signaling. Diabetes (2011) 60:857-66. doi: 10.2337/
db09-1706

Sanchez-Fueyo A, Tian J, Picarella D, Domenig C, Zheng XX, Sabatos CA,
et al. Tim-3 Inhibits T Helper Type 1-Mediated Auto- and Alloimmune
Responses and Promotes Immunological Tolerance. Nat Immunol (2003)
4:1093-101. doi: 10.1038/ni987

Yang H, Xie T, Li D, Du X, Wang T, Li C, et al. Tim-3 Aggravates Podocyte
Injury in Diabetic Nephropathy by Promoting Macrophage Activation via the
NEF-xb/TNF-o. Pathway. Mol Metab (2019) 23:24-36. doi: 10.1016/
j.molmet.2019.02.007

Zhang C, Wang X, Li S, Twelkmeyer T, Wang W, Zhang S, et al. NKG2A is a
NK Cell Exhaustion Checkpoint for HCV Persistence. Nat Commun (2019)
10:1507. doi: 10.1038/s41467-019-09212-y

Moar P, Tandon R. Galectin-9 as a Biomarker of Disease Severity. Cell
Immunol (2021) 361:104287. doi: 10.1016/j.cellimm.2021.104287

Imaizumi T, Kumagai M, Sasaki N, Kurotaki H, Mori F, Seki M, et al.
Interferon-Gamma Stimulates the Expression of Galectin-9 in Cultured
Human Endothelial Cells. ] Leukocyte Biol (2002) 72:486-91. doi: 10.1189/
ilb.72.3.486

Alam S, Li H, Margariti A, Martin D, Zampetaki A, Habi O, et al. Galectin-9
Protein Expression in Endothelial Cells is Positively Regulated by Histone
Deacetylase 3. ] Biol Chem (2011) 286:44211-7. doi: 10.1074/jbc.M111.242289
YuJ, Sun G, Chen Y, Li L, Wang H, Tu D, et al. CEACAMI1 Inhibited Ixb-o/
NF-kb Signal Pathway via Targeting MMP-9/TIMP-1 Axis in Diabetic
Atherosclerosis. J Cardiovasc Pharm (2020) 76:329-36. doi: 10.1097/
FJC.0000000000000868

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.

Copyright © 2022 Wang, Cao, Liu, Xu and Tang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

April 2022 | Volume 13 | Article 852436


https://doi.org/10.1136/jitc-2020-000911
https://doi.org/10.1111/imr.12520
https://doi.org/10.1111/jdi.12523
https://doi.org/10.1155/2020/2583257
https://doi.org/10.1016/j.immuni.2019.08.001
https://doi.org/10.1016/j.immuni.2019.08.001
https://doi.org/10.4049/jimmunol.178.8.4947
https://doi.org/10.2337/dc15-0099
https://doi.org/10.1002/eji.201948400
https://doi.org/10.1186/1471-2369-14-23
https://doi.org/10.1111/imm.12762
https://doi.org/10.1002/eji.201848037
https://doi.org/10.1002/eji.201848037
https://doi.org/10.1111/jdi.13537
https://doi.org/10.2174/1573399815666191024085838
https://doi.org/10.1016/j.clim.2018.06.003
https://doi.org/10.1172/JCI57817
https://doi.org/10.1172/JCI57817
https://doi.org/10.1258/ebm.2012.011272
https://doi.org/10.1128/AAC.01067-15
https://doi.org/10.1016/j.metabol.2014.05.014
https://doi.org/10.1016/j.metabol.2014.05.014
https://doi.org/10.1371/journal.pone.0139962
https://doi.org/10.1371/journal.pone.0139962
https://doi.org/10.1111/jdi.13002
https://doi.org/10.1111/jdi.13002
https://doi.org/10.12659/MSM.912446
https://doi.org/10.2337/db06-0493
https://doi.org/10.1186/s12967-019-1917-0
https://doi.org/10.1186/s12967-019-1917-0
https://doi.org/10.1016/j.atherosclerosis.2012.02.009
https://doi.org/10.1186/s12967-015-0564-3
https://doi.org/10.2337/db09-1706
https://doi.org/10.2337/db09-1706
https://doi.org/10.1038/ni987
https://doi.org/10.1016/j.molmet.2019.02.007
https://doi.org/10.1016/j.molmet.2019.02.007
https://doi.org/10.1038/s41467-019-09212-y
https://doi.org/10.1016/j.cellimm.2021.104287
https://doi.org/10.1189/jlb.72.3.486
https://doi.org/10.1189/jlb.72.3.486
https://doi.org/10.1074/jbc.M111.242289
https://doi.org/10.1097/FJC.0000000000000868
https://doi.org/10.1097/FJC.0000000000000868
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Tim-3 Expression Causes NK Cell Dysfunction in Type 2 Diabetes Patients
	Introduction
	Materials and Methods
	Patients and Healthy Controls
	Isolation of PBMCs and Flow Cytometry
	Lentiviral Package and Transduction of Cells
	In Vitro Culture Systems
	Tim-3 and Galectin-9 Blockade
	PBMC Culture Systems
	NK Cell-Mediated Cytotoxicity Assay
	NK92 and Target Cell Coculture

	Apoptosis Detection
	ELISA
	Statistical Analysis

	Results
	T2DM Patients Exhibit a Reduced Number of Peripheral Blood NK Cells
	NK Cells From T2DM Patients Overexpress Tim-3 and Underexpress NKG2D
	T2DM Patients Have Impaired NK Cell Functions
	Increased Tim-3 Expression Correlates With Enhanced Apoptosis of NK Cells in T2DM Patients
	Tim-3+ NK Cells Are Exhausted in T2DM Patients
	Galectin-9/Tim-3 Pathway Blockade Restores NK Cell Function

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	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 /LeaveColorUnchanged
  /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


