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LETTER TO EDITOR ' el WILEY

NK cells in human visceral adipose tissue contribute to
obesity-associated insulin resistance through low-grade
inflammation

Dear Editor, the increased risk for type 2 diabetes in obese individu-
Obesity leads to macrophage infiltration in adipose tis- als. Obesity shifts the polarization status of adipose tis-
sue (AT), causing chronic low-grade inflammation (LGI). sue macrophages (ATM) away from an anti-inflammatory

This in turn leads to insulin resistance, contributing to or “M2" phenotype toward the inflammatory “M1” state,

A

o)

= 2.5
e
CD209 ’_:L_‘ X 2]
= ]
L 1.5
- € 1.0
' [ 3
o
coRt S— £
~ 0.0
CD86 ’ E Control Obese
 o— C
20 0.806
5 r=0.
CD64 — = 2 B=18.64
= 200 e _—¢ p=0.016
[T
z L]
= 150, * .
E L]
% 100;
Total Effect* . § 5ol
£
1.5 -1.0 -0.5 0.0 0.5 1.0 s s " - -
<« Polarization towards M2 Polarization towards M1 — NK-CD11B [AU x1000]

FIGURE 1 NK cells from obese subjects promote inflammatory macrophage polarization and produce increased levels of TNF. A, Blood-
derived NK cells from control (n = 6; BMI 24.0 [22.5-26.2] kg/m?; white bars) and obese individuals (n = 8; BMI 41.5 [40.4-47.0] kg/m?; black
bars) were isolated and co-cultured with either human monocyte derived macrophages to analyze surface expression of M1 markers (CCR7,
CDB86, and CD64), or incubated with macrophages that were first polarized to an M2 phenotype and assessed for loss of M2 markers (loss of
CD209 and CD206; that is, polarization toward M1). An aggregate total effect of polarization toward an M1 phenotype was calculated (ie, a
z-score composed of the individual z-scores of -CD209, -CD206, CCR7, CD86, and CD64). Compared to lean individuals, NX cells from obese
individuals induced macrophage polarization toward the M1 phenotype (mean difference 1.08 SD [95% CI 0.06-2.10 SD; “P < .05]). Data are
presented as mean + SEM. B, Intracellular TNF levels were measured in blood-derived NXK cells of lean (n = 4) and obese individuals (n = 6)
using flow cytometry. Box plot is as follows: black line, median; box edges, first and third quartiles; whiskers, minimum, and maximum of all
data. C, Association between CDI11B surface expression and intracellular TNF levels of blood-derived NX cells (n = 8). Pearson’s correlation
coefficient, regression coefficient, and their P-value are reported
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hallmarked by the surface expression of CD11C and the
production of inflammatory cytokines.' The exact mech-
anisms that trigger ATM accumulation and activation
remain to be elucidated. Animal studies identified that nat-
ural killer (NK) cells are able to induce M1 ATM accu-
mulation by producing interferon gamma (IFN-y), tumor
necrosis factor (TNF), or interleukin (IL)-6, culminating
in insulin resistance.’* NK cells function perform surveil-
lance and elimination of virally infected, tumorigenic or
stressed cells, also leading to cytokine production.” NK
cells were found to accumulate in human adipose tis-
sue of obese individuals,® but whether they contribute to
accumulation and polarization of ATMs and insulin resis-
tance in humans remains unknown. We therefore inves-
tigated NK cell accumulation in human adipose tissue
and their potential contribution to low-grade inflamma-
tion and insulin resistance in humans.
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FIGURE 2

We collected NK cells from lean and obese individu-
als and cultured them with primary monocyte-derived
macrophages from a healthy donor. Compared to controls,
NK cells from obese donors contained elevated levels
of TNF. Moreover, they promoted M1 polarization of
monocyte-derived macrophages (Figure 1A,B; Figure
S1A-D). These results are in line with results showing
enhanced TNF production by NK cells in epididymal AT
from obese mice.> Although data in mouse models show
that also IFN-y produced by NK cells causes inflammation
and insulin resistance,* we did not observe increased
IFN-y in NK cells of obese individuals (data not shown).

Then, we analyzed blood, visceral adipose tissue (VAT),
and subcutaneous adipose tissue (SAT) from lean and
obese men (baseline characteristics in Table S1).” NK cells
were higher in VAT (Figure 2A) and blood, but not in SAT
from obese subjects (Table S1). In VAT, but not in SAT, NK
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NK cell accumulation in VAT biopsies is increased in obesity, associated with inflammatory macrophage polarization, and

reflected by CD11B surface expression on circulating NK cells. A, NK cells in visceral adipose tissue (VAT) in lean versus obese individuals
(n = 31; "P < .05). B, Association between NK cells in VAT and M1-to-M2 ratio in VAT (n = 31). C, CD11B expression on circulating NK cells
(NK-CDI11B) in lean versus obese individuals (n = 31; “*P < .001). D, Association between NK cells in VAT and NK-CD11B (n = 29). Differences
between groups were assessed by independent Student’s ¢-tests (panels A and C). Box plots are as follows: black line, median; box edges, first
and third quartiles; whiskers, minimum, and maximum of all data. Pearson’s correlation coefficients, regression coefficients, and their P-values
are reported for all bivariate associations (panels B and D). Data of lean (O open circles) and obese men (@ closed circles) are shown
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FIGURE 3 NK cell accumulation is associated with VAT volume, low grade inflammation, and insulin resistance in abdominally
obese men. A, CD1IB expression on circulating NK cells (NK-CD11B) in lean versus abdominally obese individuals (n = 64; “P < 0.01).
B, Association between visceral adipose tissue volume (VAT) and NK-CDI11B in lean and abdominally obese individuals (n = 63). C,
Association between NK-CD11B and low-grade inflammation (z-LGI; composite z-score of CRP, SAA, IL-6, IL-8, sSICAM-1, and TNF) in
lean and abdominally obese individuals (n = 64). D, Association between NK-CD11B and whole-body glucose disposal (WBGD) during
a hyperinsulinemic, euglycemic clamp in lean and abdominally obese individuals (n = 64). Difference between groups was assessed by
means of independent Student’s t-test (panel A). Box plots are as follows: black line, median; box edges, first and third quartiles; whiskers,
minimum, and maximum of all data. Pearson’s correlation coefficients, regression coefficients, and their P-values are reported for all
bivariate associations (panels B-D). Data of lean (O open circles) and obese men (@ closed circles) are shown. E, Multiple mediator model in
which CD11B expression on circulating NK cells (NK-CD11B) statistically significantly contributes through low-grade inflammation (z-LGI;
composite z-score of serum CRP, SAA, IL-6, IL-8, SICAM-1, and TNF levels) to the association between abdominal visceral adipose tissue
(VAT) and insulin resistance by means of whole-body glucose disposal (WBGD; n = 63; age-adjusted). Data presented as 3 of mediated effect
(bootstrapped 95% CI). Significant associations are represented by black lines, whereas grey lines represent associations that are not statistically

significant
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cell abundance was associated with an increased inflam-
matory macrophage polarization (Figure 2B). These data
support the previously found role for NK cells in skew-
ing M1 macrophage polarization specifically in VAT of
mice.>* Previous studies also show that human VAT con-
tains more inflammatory NK cells than SAT® and that VAT
contains ligands of the NK cell activating receptor NKp46.*
Together with our observations, these data suggest that
NK cells can sense stressed VAT adipocytes, accumulate in
VAT and TNF production, leading to ATM activation.

To obtain biopsies of VAT in large cohort studies is dif-
ficult. Therefore, we sought for a marker of the accumula-
tion of NK cells in VAT. Circulating NK cell numbers were
not associated with NK cells in VAT (r = 0.058, P = 0.759).
However, surface expression of CD11B on blood NK cells
(referred to as NK-CD11B) was a suitable marker. Despite
that all NK cells express CD11B, NK-CD11B was elevated in
obese men (Figure 2C; Figure SI1E) and was closely associ-
ated with the accumulation of NK cells in VAT (Figure 2D),
but not in SAT. In line with our results showing an associa-
tion between VAT NK cells and macrophage polarization,
also M1/M2 ratio was found to associate with NK-CD11B
(r=10.364; P = 0.048). Of note, there was also a close asso-
ciation between surface expression of CD11B on isolated
NK cells and intracellular TNF (r = 0.806, P = 0.016; Fig-
ure 1C). These important findings support the use of NK-
CD11B as an easy-to-measure marker of NK cells in VAT.

We next measured NK-CDI1B to determine the link
between VAT NK cells and insulin resistance, using a study
consisting of 53 abdominally obese and 25 lean men” (Clin-
ical characteristics: Table S2). Also here, NK-CDI11B was
elevated in obese compared to lean men (Figure 3A), thus
reflecting increased NK cells in VAT. NK-CDI11B was also
associated with VAT volume (Figure 3B) and LGI (Fig-
ure 3C). Interestingly, NK-CDI11B was inversely associated
with whole body glucose disposal (Figure 3D). Since NK-
CD11B reflects VAT NK cell accumulation, these results
corroborate with previously identified findings showing
that NK cells cause insulin resistance in mice,>* and that
these events are also of importance in humans. Addi-
tionally, with multiple mediation analyses we explored
if NK-CD11B and consecutive systemic LGI contribute to
the existing association between VAT volume and insulin
resistance. NK-CDI1B explained 53.9% of the contribution
of LGI to VAT-associated insulin resistance (Figure 3E).
This was mainly mediated by TNF (8 —-0.048 [-0.170 to
-0.006]), but not by IL-6 (8 -0.018 [-0.077 to 0.043]).
Together with our data showing that NK-CD11B and intra-
cellular TNF levels in circulating NK cells were closely
associated (Figure 1C), these analyses suggest that NK cell
recruitment is an important event that contributes to the
development of inflammation in VAT and systemic LGI in
humans.

For the validation of our findings in the general popula-
tion, we used a population-based cohort study enriched in
individuals with type 2 diabetes, “The Maastricht Study”
(Table S3). VAT volume, assessed by MRI, was found to
associate with NK-CD11B (8 = 3.2, P = .006; Table S4).
This result was not affected by further adjustment for SAT
volume (not shown). Moreover, NK-CD11B was associated
with LGI and circulating levels of TNF and IL-6 (P <
0.05 for each; Table S5). NK-CDI11B was also associated
with insulin resistance (Table S6). These results support
the concept that NK cells play a role in low-grade inflam-
mation and insulin resistance development in the general
population.

To conclude, we show that NXK cells contribute to inflam-
matory macrophage polarization, LGI, and concomitant
insulin resistance in humans, possibly via TNF production.
Thus, targeting NX cells may be promising for the inhibi-
tion of insulin resistance and possibly for the prevention
of progressing toward type 2 diabetes. Moreover, our study
identified that CD11B surface expression on blood NK cells
closely reflect NK cell accumulation in VAT, making it an
easy to use biomarker of VAT NK cells.
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in the Supporting Information section at the end of the
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