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Abstract

Obesity is associated with inflammatory macrophages in insulin responsive tissues and the resulting inflammatory

response is a major contributor to insulin resistance. In insulin-producing pancreatic islets, the intra-islet accumulation

of macrophages is observed in patients of type 2 diabetes (T2D), but such has not been investigated in obese

individuals. Here, we show that pro-inflammatory cytokines (IL-1β, IL-6, and TNF), anti-inflammatory cytokines (IL-10

and TGF-β) and macrophage polarization markers (CD11c, CD163, and NOS2) were expressed in isolated human islets

from non-diabetic donors. Clodronate-mediated depletion of resident macrophages revealed expression of IL1B and

IL10 mostly from macrophages, while IL6, TNF, and TGFB1 came largely from a non-macrophage origin in human islets.

NOS2 expression came exclusively from non-macrophage cells in non-obese individuals, while it originated also from

macrophages in obese donors. Macrophage marker expression of CD68, CD163, and ITGAX was unchanged in islets of

non-obese control and obese cohorts. In contrast, IL1B and NOS2 were significantly increased in islets from obese,

compared to non-obese individuals, implying a more inflammatory macrophage phenotype in islets in obesity. Our

study shows elevated macrophage-associated inflammation in human islets in obesity, which could be an initiating

factor to the pro-inflammatory intra-islet milieu and contribute to the higher susceptibility to T2D in obese individuals.

Introduction

Tissue macrophages reside in pancreatic islets as well as

in almost all other tissues from very early development.

These islet-associated macrophages maintain tissue

homeostasis and support normal tissue function. How-

ever, under inflammatory triggers, they become deleter-

ious to pancreatic β-cells1 and are, therefore, a potential

target for the therapy of diabetes. Obesity is a major risk

factor for the development of type 2 diabetes (T2D), as the

associated chronic, low-grade, sterile inflammation con-

tributes to both insulin resistance and finally, β-cell fail-

ure. Studies in rodents reveal that obesity-induced

diabetes is associated with increased numbers of macro-

phages in pancreatic islets with more pro-inflammatory

phenotypes1. In this current study, we aimed to identify

whether such pro-inflammatory islet state also occurs in

human obesity by defining islet macrophage-associated

genes related to inflammation and macrophage polariza-

tion in isolated islets from non-obese and obese

individuals.

Materials and methods

Human islets were isolated from pancreases of non-

diabetic organ donors. Human islet culture, depletion of

islet macrophages, preparation of islet-conditioned mac-

rophages/media, and gene expression analyses were per-

formed as previously described2,3. Isolations from 28

donors were collected between 2014 and 2018, and clas-

sified into control lean to overweight non-obese (BMI <

30, n= 16) and obese (BMI > 30, n= 12) cohorts (donor

details in ESM Table 1). Statistical significance was tested

using Student’s t-test for single comparison or two-way

ANOVA for multiple comparisons. Correlation analyses

were performed using Spearman’s correlation.
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Results and discussion

Recently, we showed that islet resident macrophages are

the major source of interleukin (IL)-1β but not of IL-6 and

tumour necrosis factor (TNF) in human islets. As we had

stimulated inflammatory conditions by TLR-2/-4 activa-

tion in this previous study2, we wanted to confirm such

macrophage-dependency of cytokine expression under

physiological, as well as diabetes-prone conditions.

Major pro-inflammatory cytokines (IL-1β, IL-6, and

TNF), anti-inflammatory cytokines (IL-10 and TGF-β) as

well as macrophage polarization markers (CD11c, CD163,

and NOS2) were expressed in isolated human islets from

non-diabetic donors regardless of their BMI at basal

conditions (Fig. 1a). Among them, TGFB1 (gene for TGF-

β) and CD68 had a particularly high expression, while

IL10 and NOS2 had very low but constant expression in

all donors (Fig. 1a). Depletion of resident macrophage by

clodronate treatment was shown to be successful by the

significant reduction of the general macrophage markers

CD68, pro-inflammatory macrophage marker ITGAX

(gene for CD11c) and anti-inflammatory macrophage

marker CD163 (reduced by 54%, 90%, 87%, respectively;

Fig. 1b). In these macrophage-depleted human islets, IL1B

and IL10 were largely deprived (by 81%, 78%, respectively;

Fig. 1b), suggesting their macrophage-dependent expres-

sion. TNF was only partially but significantly reduced by

21% (Fig. 1b), implying not only macrophages but also

other islet cells as the major source of TNF expression.

Basal expression of IL6 and TGFB1 was unchanged by

macrophage depletion (Fig. 1b), indicating their non-

macrophage origin in human islets.

NOS2 only showed a slight and insignificant reduction

by 26% compared to the untreated group, with the highest

variation among all donors (Fig. 1b). Separate analysis of

non-obese (BMI < 30) and obese donors (BMI > 30)

revealed no difference in islets from non-obese donors

(Fig. 1c), while in islets from obese donors, NOS2 was

reduced by 59% in macrophage-depleted islets vs. control

(Fig. 1d). This result is in line with a basal NOS2

expression in β-cells4, and implies a macrophage-derived

NOS2 expression induced in obesity.

Although tissue macrophages are usually the major

source of cytokines, they do not seem to fit into this

paradigm in human pancreatic islets. Macrophages are

indeed the main contributor of IL-1β and IL-10 expres-

sion in islets. In contrast, IL-6 and TGF-β are not mac-

rophage derived, and they also barely contribute to the

intra-islet TNF production. Most likely, the islet micro-

environment shapes a peculiar tag to its resident macro-

phages. A cytokine expression profile present already

under physiological conditions suggests the existence of

intra-islet triggers to a sensitive inflammatory program,

which impacts β-cell function, survival and proliferation5–7.

Indeed, a low-grade basal tissue cytokine expression

doesn’t necessarily mean an inflammatory response.

Instead, many cytokines support important tissue func-

tions, e.g., acute IL-1β exposure promotes survival and

insulin secretion of β-cells, and IL-10 maintains insulin

sensitivity of adipocytes8–10.

Obesity is associated with the accumulation of pro-

inflammatory macrophages in fat and liver11. Increased

macrophages in islets in response to long-term high-fat

diet feeding contribute to the intra-islet inflammation and

the loss of insulin secretion in obese mice7. However, the

situation in human pancreatic islets has not been clearly

studied. Therefore, we next investigated whether such

pro-inflammatory environment also exists in human islets

and included more human islet isolations from non-

diabetic donors for gene expression analyses of islet

macrophage-dependent genes identified above. 28 donors

were divided into islets from non-obese (BMI < 30, n=

16) and obese (BMI > 30, n= 12) cohorts (donor details in

ESM Table 1). Unexpectedly and in contrast to a previous

in-depth mouse study7, the general macrophage marker

CD68, the M2 macrophage marker CD163 and even the

marker for pro-inflammatory macrophages ITGAX were
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Fig. 1 Macrophage-dependent and -independent inflammation

marker expression within isolated human islets. a mRNA

expression levels relative to housekeeping gene (cyclophilin A, PPIA)

from human isolated islets. b–d Comparative gene expression analysis

of clodronate liposome (1 mg/ml for 48 h) and vehicle liposome (Ctrl)-

treated human islets. Separate analysis of NOS2 expression from

control (c BMI < 30, n= 4) and obese donors (d, BMI > 30, n= 3).

a, b n= 5–7. Data are means ± SEM *p < 0.05 Ctrl vs. clodronate.
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not significantly changed between control and obese

cohorts (Fig. 2a), disfavoring macrophage accumulation in

human islets of obese individuals. However, the latters

showed enormous variations among non-obese donors

(Fig. 2a). Also, anti-inflammatory cytokine IL10 was

unchanged between control and obese cohorts. Indeed,

islets from T2D patients display more macrophages12,

which may suggest a delayed macrophage accumulation

process in human islets compared to the diet-induced

obesity mouse model7.

In contrast, IL1B and NOS2 were significantly increased

in the obese, compared to the non-obese cohort (Fig. 2a)

and both are highly correlated in all donors (Fig. 2b),

implying a more inflammatory macrophage phenotype in

obesity. In line with these data, IL1B and NOS2, both

commonly considered as markers for inflammatory

macrophages, were highly upregulated under severe T2D

states4,5.

In order to mimic islet macrophage-derived obesity-

induced IL1B and NOS2 expression in vitro, we used islet-

conditioned macrophages, which were differentiated from

blood monocytes under islet-conditioned medium3. The

combination of 22.2 mM glucose (HG) and 0.5 mM pal-

mitate (Pal) was added to the culture to represent the

gluco-/lipotoxic milieu in vitro, mimicking the result of a

chronic western diet with high content in glucose and fat,

being the major risk factor for obesity in modern society.

24-hour treatment induced IL1B expression in both

control (M0, non-conditioned) and islet-conditioned

(Mislet) macrophages (Fig. 2c), while palmitate alone

induced IL1B expression in M0 but high glucose had no

effect.
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Fig. 2 IL1B and NOS2 expression in human macrophages under gluco-/lipotoxicity. a Comparative gene expression analysis of isolated islets

from control (BMI < 30, n= 16) and obese (BMI > 30, n= 12) cohorts. Data are means with whiskers. b Correlation of IL1B and NOS2 expression

among all donors (n= 28). c, d IL1B and NOS2 expression in islet-conditioned human macrophages (Mislet) and control non-conditioned

macrophages (M0) treated with 22.2 mM glucose (HG), 0.5 mM palmitate (Pal), combined HG and Pal, or combined 100 ng/ml LPS and 1000 U/ml

IFNγ for 24 h. Data are means ± SEM, n= 4. *p < 0.05 control vs. treatment or control vs. obese cohort.
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Palmitate alone or combined with HG induced NOS2

expression in islet-conditioned but not in control macro-

phages (Fig. 2c), while combined lipopolysaccharide/inter-

feron-gamma (LPS/IFNγ) induced IL-1B (as expected) but

no NOS2 expression in either macrophages. This suggests

the existence of islet-derived factors to specifically facilitate

NOS2 induction upon palmitate/high-glucose treatment.

Overall, the upregulation of IL1B and NOS2 in islets of

obese donors and in response to a gluco-lipotoxic milieu

in islet-conditioned macrophages indicates a pro-

inflammatory phenotype within pancreatic islets asso-

ciated with obesity.

As human β-cells have a very low basal expression of

NOS2
4, further studies are required to verify the elevated

NOS2 expression in islet macrophages during obesity. As

an indirect support, palmitate alone or in combination

with high-glucose concentrations induced NOS2 expres-

sion in islet-conditioned, but not in un-conditioned

human macrophages, underlining the necessity of both

an gluco-/lipotoxic milieu (as a result of a chronic western

diet) and the islet microenvironment for pro-inflammatory

islet macrophages. This is further supported by the phe-

nomenon that such effect is absent in the classical pro-

inflammatory LPS/IFNγ condition. Indeed, in a number of

different islet isolations from lean, overweight and obese

organ donors, only islets from obese donors displayed

macrophage-derived NOS2. This may be a critical point

for islet inflammation during gluco-/lipotoxicity and obe-

sity, as elevated NOS2 levels are also present in T2D islets4.

Unlike NOS2, intra-islet IL-1β expression is almost

exclusively dependent on macrophages, also true for TLR-

2/4-triggered IL-1β production2. Chronic exposure of

high-level IL-1β induces β-cell failure, whereas acute or

low-level IL-1β promotes β-cell function and survival5,8,10.

Hence, it would be more conceivable that obesity-induced

islet IL-1β production initially contributes to the com-

pensatory functional expansion of β-cell in response to the

increased insulin demand, which is consistent with β-cell

proliferation induced by islet macrophages in obese mice7.

However, long-term functional overload will trigger β-cell

failure, which is a consensus of T2D progression.

This study shows macrophage-associated inflammation

in human islets in obesity. Owing to the very low number

of macrophages in human islets (0.5–0.7 cells/islet)12,

quantitative analyses for this study were only possible on

the messenger RNA (mRNA) level. Improved single-cell

sequencing techniques would provide a future path to

further characterize these immune cells and more

importantly, delineate their functions in the context of

obesity and in the process of diabetogenesis.

Acknowledgements

This work was supported by the JDRF and the DFG. We would like to thank

Melanie Braun and Lutz Schmidt (Asklepios Klinik Hamburg) for providing

human buffy coats. We thank Julie Kerr-Conte and Francois Pattou, Lille

University, France and the Integrated Islet Distribution Program (IIDP Award

Initiative): supported by the NIH and JDRF for the high-quality human islet

isolations.

Conflict of interest

The authors declare that they have no conflict of interest.

Ethical approval

Ethical approval for the usage of human islets was granted by the Ethics

Committee of the University of Bremen.

Informed consent

Islets for research were used in this study, which applies to NIH exempt 4 (PHS

398). All experiments were performed with cells from anonymous donors.

Available demographic data (weight, height, diagnosis) do not allow any

identification of the donor.

Publisher’s note

Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/

10.1038/s41387-019-0103-z).

Received: 25 July 2019 Revised: 23 October 2019 Accepted: 29 October

2019

References

1. Eguchi, K. & Nagai, R. Islet inflammation in type 2 diabetes and physiology. J.

Clin. Investig. 127, 14–23 (2017).

2. Nackiewicz, D. et al. TLR2/6 and TLR4-activated macrophages contribute to

islet inflammation and impair beta cell insulin gene expression via IL-1 and IL-

6. Diabetologia 57, 1645–1654 (2014).

3. He, W. et al. TLR4 triggered complex inflammation in human pancreatic islets.

Biochimica et. Biophysica Acta Mol. Basis Dis. 1865, 86–97 (2019).

4. Muhammed, S. J., Lundquist, I. & Salehi, A. Pancreatic beta-cell dysfunction,

expression of iNOS and the effect of phosphodiesterase inhibitors in human

pancreatic islets of type 2 diabetes. Diabetes, Obes. Metab. 14, 1010–1019

(2012).

5. Maedler, K. et al. Glucose-induced beta-cell production of interleukin-1beta

contributes to glucotoxicity in human pancreatic islets. J. Clin. Invest. 110,

851–860 (2002).

6. Ji, Y. et al. Toll-like receptors TLR2 and TLR4 block the replication of pancreatic

beta cells in diet-induced obesity. Nat. Immunol. 20, 677–686 (2019).

7. Ying, W. et al. Expansion of islet-resident macrophages leads to inflammation

affecting beta cell proliferation and function in obesity. Cell Metab. 29, 457–74

e5 (2019).

8. Dalmas, E. Innate immune priming of insulin secretion. Curr. Opin. Immunol.

56, 44–49 (2018).

9. Lackey, D. E. & Olefsky, J. M. Regulation of metabolism by the innate immune

system. Nat. Rev. Endocrinol. 12, 15–28 (2016).

10. Maedler, K. et al. Low concentration of interleukin-1{beta} induces FLICE-

inhibitory protein-mediated {beta}-cell proliferation in human pancreatic islets.

Diabetes 55, 2713–2722 (2006).

11. Lee, Y. S., Wollam, J. & Olefsky, J. M. An integrated view of immunometabolism.

Cell 172, 22–40 (2018).

12. Ehses, J. A. et al. Increased number of islet-associated macrophages in type 2

diabetes. Diabetes 56, 2356–2370 (2007).

He et al. Nutrition and Diabetes            (2019) 9:36 Page 4 of 4

Nutrition and Diabetes

https://doi.org/10.1038/s41387-019-0103-z
https://doi.org/10.1038/s41387-019-0103-z

	Macrophage-associated pro-inflammatory state in human islets from obese individuals
	Introduction
	Materials and methods
	Results and discussion
	ACKNOWLEDGMENTS


