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Circulating monocytes can be divided into classical (CM), intermediate (IM), and

non-classical monocytes (NCM), and the classical monocytes also contain CD56+

monocytes and monocytic myeloid-derived suppressor cells (M-MDSC). The aim of the

study was to evaluate the occurrence of the monocyte subpopulations in human obesity.

Twenty-seven normal, 23 overweight, and 60 obese individuals (including 17 obese

individuals with normal glucose tolerance and 27 with type 2 diabetes) were included

into this study. Peripheral blood mononuclear cells were isolated from human blood, and

surface markers to identify monocyte subpopulations were analyzed by flow cytometry.

Obese individuals had higher numbers of total monocytes, CM, IM, CD56+ monocytes,

and M-MDSCs. The number of CM, IM, CD56+ monocytes, and M-MDSCs, correlated

positively with body mass index, body fat, waist circumference, triglycerides, C-reactive

protein, and HbA1c, and negatively with high-density lipoprotein cholesterol. Individuals

with obesity and type 2 diabetes had higher numbers of IM, NCM, and M-MDSCs,

whereas those with obesity and impaired glucose tolerance had higher numbers of

CD56+ monocytes. In summary, the comprehensive analysis of blood monocytes in

human obesity revealed a shift of the monocyte compartment toward pro-inflammatory

monocytes which might contribute to the development of low-grade inflammation in

obesity, and immune-suppressive monocytes whichmight contribute to the development

of cancer in obesity.

Keywords: obesity, monocytes, myeloid suppressor cells (MDSC), subpopulation, CD16, CD56, macrophages

INTRODUCTION

Obesity is one of the most prevalent diseases worldwide and increases the risk of developing
metabolic and cardiovascular diseases such as type 2 diabetes mellitus (T2D), fatty liver disease,
hypertension, coronary heart disease, and some types of cancer (1). Adipose tissue macrophages
(ATMs) accumulate in adipose tissue from individuals with obesity and are the major source
of inflammatory mediators, leading to obesity-associated chronic tissue inflammation, insulin
resistance, and T2D (2, 3). Themigration of peripheral bloodmonocytes contributes tomacrophage
accumulation in adipose tissue (2, 4–6) but also to the proliferation of resident macrophages (7–9).
Wouters et al. reported an association of circulating classical monocytes with the macrophage
content of human visceral adipose tissue (6). The chemoattractant monocyte chemoattractant
protein-1 (MCP-1) and its receptor C-C chemokine receptor type 2 (CCR2) play an important
role in the recruitment of blood monocytes into adipose tissue, where the monocytes mature into
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macrophages and contribute to the inflammation of the adipose
tissue (4, 10, 11). In addition, ATMs promote myelopoiesis and
monocytosis via the production of IL-1β (5) which leads to
increased leukocyte and monocyte numbers in the peripheral
blood of obese individuals (12–14).

Peripheral blood monocytes are not a homogenous
cell population, three major subpopulations have been
identified: classical monocytes (CD14bright/CD16-), intermediate
monocytes (CD14bright/CD16+) and non-classical monocytes
(CD14dim/CD16+) (15). Classical monocytes express CCR2,
egress from the bone marrow, circulate for 1 day, and then
leave the circulation (16). Only a minor proportion of classical
monocytes differentiates into intermediate monocytes (4 days
in circulation), and most of the intermediate monocytes finally
mature into non-classical monocytes (7 days in circulation)
(16). CD14bright/CD56+ monocytes are a subpopulation within
the classical monocytes but this subpopulation is less well-
characterized (17, 18). CD56+ monocytes are expanded in
autoimmune diseases like rheumatoid arthritis and Crohn’s
disease, they produce more reactive oxygen intermediates
and pro-inflammatory cytokines, they are part of the classical
monocyte subpopulation, and more efficient antigen-presenting
cells (17–19).

There are only a few studies on the three major monocyte
subpopulations in human obesity and the results vary. Rogacev
et al. reported about an association of body mass index (BMI)
with non-classical monocytes (20), Mattos et al. showed an
increased frequency of non-classical monocytes in obese children
(21), and Poitou et al. also showed an expansion of the non-
classical monocytes in obese individuals but also an increase
in intermediate monocytes (22). In contrast, Schipper et al.
showed a correlation of BMI with classical and intermediate
monocytes in obese children (23). No data on the CD56+
monocyte subpopulation in obesity are available to date.

Monocytic myeloid-derived suppressor cells (M-MDSC)
are monocytes with immune-suppressive function, they are
expanded in cancer, various autoimmune diseases and in chronic
inflammation, and they are characterized by the low expression
of HLA-DR (24). The role of M-MDSCs in tumor progression
(25, 26) might be of importance in obesity as obesity is associated
with an increased cancer risk (27–29). However, there are only a
few studies on M-MDSCs in obesity (30–32).

The aim of this study was to evaluate the occurrence of
the three major monocyte subpopulations classical monocytes,
intermediate monocytes and non-classical monocytes, the
CD56+ monocyte subpopulation, and monocytic myeloid-
derived suppressor cells in human obesity.

MATERIALS AND METHODS

Study Design and Individuals
Individuals with obesity (BMI ≥ 30 kg/m²) were recruited
from the Integrated Research and Treatment Center Adiposity
Diseases of the Medical Faculty of the University Leipzig and
the University Hospital Leipzig. A total of 110 participants, 27
normal, 23 overweight, and 60 obese individuals were included
into the study. The classification of normal, overweight, and

obese was done according to the definition of the World Health
Organization (WHO) based on the body mass index (BMI;
body weight in kilograms, divided by height in meters squared;
normal BMI 18.5–24.9; overweight BMI 25.0–29.9; obese BMI
above 30). The study participants were older than 18 years
of age.

The mean BMI of normal individuals was 21.7 kg/m2 (25
women and two men, mean age 43.4 years), of the overweight
individuals 27.2 kg/m2 (21 women and two men, mean age 46.0
years), and of the obese individuals 46.9 kg/m2 (50 women and
10 men, mean age 46.4 years).

Determination of clinical laboratory variables were performed
at the Institute of Laboratory Medicine, Clinical Chemistry and
Molecular Diagnostics, University of Leipzig. Measurement
of C-reactive protein (CRP), HbA1c (whole blood), serum
total cholesterol, HDL-cholesterol, as well as triglycerides,
was performed according to manufacturer’s protocol on an
automated laboratory analyzer Cobas 8000 (Roche Diagnostics,
Mannheim, Germany). Absolute leukocyte and absolute
monocyte numbers were determined according tomanufacturer’s
protocol on an automated laboratory analyzer XN-9000 (Sysmex,
Norderstedt, Germany).

A 75 g, 2 h, oral glucose tolerance test (OGTT) was performed
according to the WHO criteria.

Obese individuals were categorized according to the glycemic
status into groups with impaired glucose tolerance (IGT; 36
patients, OGTT > 140 mg/dl, including patients with T2D) and
with normal glucose tolerance (17 patients, OGTT < 140 mg/dl).
Patients with T2D (27 patients), were classified according to the
criteria of the American Diabetes Association (HbA1c levels >

48 mmol/mol and/or OGTT > 200 mg/dl). Thirty-three patients
without T2D were included into the study.

Blood samples for peripheral blood mononuclear cell (PBMC)
isolation and clinical characteristics (Table 1) were taken in
the fasted state. Weight and height of the participants were
measured and the waist circumference was taken at the smallest
circumference between rib cage and the iliac crest with a
standing subject.

Single frequency bioelectrical impedance analysis (SF-BIA)
was used to assess the body composition of all participants.
The whole body impedance measurement technique hand to
foot was conducted and analyzed with BodyComposition
V 9.0 Professional (Software BodyComposition, MEDI
Cal HealthCare).

The experimental design of the clinical study has been
approved by the ethics committee of the University of Leipzig.
Informed and written consent was obtained from all individuals
before the enrollment to the study.

Materials
Flow cytometry antibodies fluorescein isothiocyanate
(FITC)-conjugated anti-CD14 (clone TÜK4), phycoerythrin
(PE)-conjugated anti-CD16 (clone REA423), allophycocyanin
(APC)-conjugated anti-CD56 (clone REA196) and APC-
conjugated anti-HLA-DR (clone AC122) and appropriate isotype
controls were obtained fromMiltenyi Biotec.
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TABLE 1 | Clinical characteristics of the study participants.

Normal Overweight Obese P-value

No. (Sex, F/M) 27 (25/2) 23 (21/2) 60 (50/10) ND

Age, y 43.4 ± 3.0 46.0 ± 2.6 46.4 ± 1.9 NS

Body weight, kg 62.2 ± 1.5 77.4 ± 1.8 134.7 ± 4.4 <0.0001

BMI, kg/m2 21.7 ± 0.4 27.2 ± 0.3 46.9 ± 1.1 <0.0001

Fat mass, % 24.1 ± 1.2 32.2 ± 1.3 52.8 ± 1.1+ <0.0001

Waist circumference, cm 74.0 ± 1.7 88.9 ± 1.9 129.8 ± 2.4* <0.0001

HbA1c-IFCC, mmol/mol 32.7 ± 0.5 33.9 ± 0.8 43.5 ± 1.6 <0.0001

T2D, n/y 27/0 23/0 33/27 ND

IGT (n/y) ND ND 17/36# ND

Total cholesterol, mmol/L 5.2 ± 0.2 5.4 ± 0.2 5.2 ± 0.1 NS

Triglycerides, mmol/L 1.0 ± 0.1 1.3 ± 0.1 2.3 ± 0.3 <0.0001

HDL-cholesterol, mmol/L 1.9 ± 0.1 1.6 ± 0.1 1.3 ± 0 <0.0001

CRP, mg/L 1.2 ± 0.3 1.6 ± 0.3 10.4 ± 0.9 <0.0001

Leukocytes, exp9/L 5.2 ± 0.2 6.1 ± 0.3 8.2 ± 0.3 <0.0001

Monocytes, exp9/L 0.41 ± 0.02 0.48 ± 0.03 0.58 ± 0.02 <0.0001

All values are expressed as mean ± SEM. Statistics were performed as described in

Materials and Methods (one-way ANOVA or Kruskal-Wallis test). +Body fat values of two

individuals were not available. *Waist circumference values of nine obese individuals were

not available. #Data were not available for seven obese individuals. ND not determined,

NS not significant, IGT impaired glucose tolerance.

PBMC Isolation
Human peripheral blood mononuclear cells (PBMCs) were
isolated by Ficoll-Paque (GE Healthcare Life Sciences) density
gradient centrifugation and washed in PBS containing EDTA.

Flow Cytometry
PBMCs (1 × 106/100 µl) were stained with CD14-FITC, CD16-
PE, CD56-APC antibodies, and anti-HLA-DR-APC antibody
and isotype controls for 20min at 4◦C. Cells were washed
twice with PBS supplemented with 2% FCS and 0.1% sodium
azide and fixed with 3% formaldehyde. Samples were measured
using the BD LSR II and analyzed using FlowJo Version 8.7
(Tree Star) software. Gating strategies to identify the monocyte
subpopulations are shown in Supplementary Figures 1, 2.
Monocyte subpopulation numbers were calculated using
following equation: (absolute monocyte number ∗ percentage of
monocyte subpopulation)/100.

Statistical Analysis
For statistical analysis GraphPad PRISM Version 5 (GraphPad
Software Inc., San Diego, CA, USA) was used. First, a
normality test was performed for all comparisons and statistical
significances were evaluated by Student’s t-test or the Mann-
Whitney U rank sum test. One-way ANOVA or Kruskal-Wallis
test was conducted for the comparison of more than two groups.

To assess the correlation between two variables Person‘s
correlation coefficient for normally distributed data or
Spearman‘s rank correlation coefficient for not normally
distributed data was used. To assess whether the association of
CD56+monocytes and of M-MDSC with clinical and laboratory
parameters is independent of the association with classical
monocytes, we adjusted for classical monocytes.

RESULTS

The CD14/CD16 Monocyte Subpopulations
in Obesity
The clinical characteristics of normal, overweight, and obese
individuals are presented in Table 1. Sixty obese individuals,
23 overweight individuals, and 27 normal individuals were
recruited. In addition to higher BMI, obese individuals showed
higher fat mass, waist circumference; deterioration of metabolic
variables, such as lipid variables and HbA1c-IFCC; and an
increased number of leukocytes and monocytes. The CRP levels
were significantly higher in obese individuals compared to the
other BMI categories.

Calculation of absolute numbers of monocyte subsets
revealed that obese individuals have expanded classical
monocytes and intermediate monocytes in comparison to
normal and overweight individuals (Figure 1B). In contrast,
non-classical monocyte numbers were indistinguishable between
obese, overweight, and normal individuals (Figure 1B). Obese
individuals had a higher percentage of intermediate monocytes
in total monocytes than normal individuals (8.1% ± 0.4 vs. 6.2%
± 0.3, p = 0.001), and equal percentages of classical monocytes
(75.1% ± 1.1 vs. 71.6% ± 1.9, NS), and non-classical monocytes
(13.0%± 0.9 vs. 15.8%± 1.5, NS).

Detailed analysis of clinical variables in the entire cohort
(Table 2) revealed associations between classical monocyte
numbers and variables of obesity. There were associations
between the absolute number of classical monocytes and
BMI, waist circumference, and fat mass (Figures 1C–E). The
number of intermediate monocytes also strongly correlated
with BMI (Figure 1F), fat mass (Figure 1G), and waist
circumference (Figure 1H). Classical and intermediate
monocyte numbers were associated with triglyceride and
HDL-c values, more strongly with intermediate monocyte
numbers (Table 2). The inflammation marker CRP was strongly
associated with both classical and intermediate monocyte
numbers. Stratification of obese individuals for CRP levels
showed that obese individuals with clinically raised CRP
levels (>5 mg/L) and obese individuals with <5 mg/L CRP
had equal numbers of classical (442/µl ± 23 vs. 414/µl ±

24, NS), intermediate (47/µl ± 3 vs. 43/µl ± 5, NS), and
non-classical monocytes (79/µl ± 8 vs. 65/µl ± 10, NS).
Obese individuals with CRP levels >5 mg/L and obese
individuals with CRP < 5 mg/L had significantly more classical
and intermediate monocytes than normal individuals (data
not shown).

Glycosylated hemoglobin (HbA1c) correlated with classical
monocyte numbers and more strongly with intermediate
monocyte numbers (Table 2). Stratification of obese individuals
into those with or without T2D did not reveal a significant
difference in classical monocyte numbers between both
groups. However, increased intermediate monocyte and
non-classical monocyte numbers were observed in obese
individuals with T2D (Figure 1I). Obese individuals
with and without impaired glucose tolerance have equal
classical, intermediate and non-classical monocyte numbers
(data not shown).
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FIGURE 1 | Quantification of classical, intermediate, and non-classical monocytes of normal, overweight, and obese individuals. (A) Representative dot plot of CD14

and CD16 expression on monocytes. (B) Absolute numbers of classical, intermediate, and non-classical monocytes of normal (n = 27), overweight (ow, n = 23), and

obese (ob, n = 60) individuals. Scatter plots show mean ± SEM. (C–E) Correlation of classical monocyte numbers with BMI (C, n = 110), body fat (D, n = 108), and

waist circumference (E, n = 101). (F–H) Correlation of intermediate monocyte numbers with BMI (F, n = 110), body fat (G, n = 108), and waist circumference (H, n =

101). (I) Absolute numbers of classical, intermediate, and non-classical monocytes of obese individuals with (Ob/T2D, n = 27) and without (Ob, n = 33) type 2

diabetes. Scatter plots show mean ± SEM.

The CD14/CD56 Monocyte Subpopulation
in Obesity
CD56+ monocytes were identified using CD14/CD56 staining,
as shown in Figure 2A. Obese individuals had a higher
percentage of CD14bright/CD56+ monocytes in total monocytes
than normal individuals (14.4%± 0.6 vs. 9.2%± 0.7, p < 0.0001)
and overweight individuals (14.4% ± 0.6 vs. 10.3% ± 1.1, p =

0.0005). The percentage of CD14bright/CD56+monocytes among
classical monocytes of obese individuals was also increased
compared to normal individuals (19.5% ± 0.9 vs. 12.9% ± 0.9,
p< 0.0001) and overweight individuals (19.5%± 0.9 vs. 13.7%±

1.3, p= 0.0005).
The calculated absolute number of CD14bright/CD56+

monocytes was also increased in obese individuals compared to

both normal and overweight individuals (Figure 2B). We have
previously shown that the majority of CD56+ monocytes co-
expresses CD14bright and is CD16 negative, and is therefore
a subpopulation of classical monocytes (17). This could be
confirmed for normal, overweight, and obese individuals in this
cohort (data not shown). The frequency of CD56+ monocytes
expands with age in healthy controls, as we have shown in a
previous study (17). However, analysis of the combined cohort
of normal, overweight, and obese individuals did not show an
association of age and the absolute number of CD56+monocytes
or the frequency of CD56+monocytes (data not shown).

Detailed analysis of clinical variables in the whole cohort
(Table 3) revealed associations of CD14bright/CD56+ monocyte
numbers and CD56+ numbers adjusted for classical monocytes
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with variables of corpulence. There were strong associations
between the absolute number of CD14bright/CD56+ monocytes
and BMI (Figure 2C), fat mass (Figure 2D), and waist
circumference (Figure 2E). In addition, there were correlations

TABLE 2 | Correlations between monocyte subsets and variables of obesity,

glucose, lipid metabolism, and inflammation in the entire cohort.

Classical monocytes Intermediate monocytes

r P-value r P-value

BMI 0.473 <0.0001 0.570 <0.0001

Fat mass, % 0.401 <0.0001 0.475 <0.0001

Waist 0.473 <0.0001 0.492 <0.0001

HbA1c-IFCC 0.261 0.0059 0.473 <0.0001

Total Cholesterol −0.09 NS 0.01 NS

Triglycerides 0.253 0.0078 0.489 <0.0001

HDL-c −0.234 0.0140 −0.294 0.0018

CRP 0.406 <0.0001 0.453 <0.0001

n = 110. Data show Pearson or Spearman correlation coefficient. Residual plots of the

data are shown in Supplementary Figures 3, 4. Statistics were performed as described

in Materials and Methods. NS, not significant.

with lipid variables (triglycerides, HDL-c) and a strong positive
correlation with CRP. There was no difference in the numbers
of CD56+ monocytes between individuals with obesity and
CRP levels >5 mg/L or <5 mg/L (87/µl ± 5 vs. 72 ± 5, NS).
HbA1c strongly correlated with CD56+ monocyte numbers.
Stratification of obese individuals in individuals with and
without diabetes did not reveal significant differences in CD56+
monocyte numbers (data not shown). However, there were
higher CD56+ monocyte numbers in obese individuals with
impaired glucose tolerance in comparison to obese individuals
with normal glucose tolerance (Figure 2F).

The M-MDSC Monocyte Subpopulation in
Obesity
Monocytic myeloid-derived suppressor cells (M-MDSCs) were
identified in classical monocytes using CD14/HLA-DR staining,
as shown in Figure 3A. M-MDSCs are defined by high CD14
and lowHLA-DR expression (24). Intermediate and non-classical
monocytes were excluded because they express high amounts of
HLA-DR (33, 34). Obese individuals had a higher percentage
of M-MDSC monocytes in the classical monocyte subset than
normal individuals (12.0% ± 1.0 vs. 5.4% ± 0.5, p < 0.0001) and

FIGURE 2 | Quantification of CD56+ monocytes of normal, overweight, and obese individuals. (A) Representative dot plot of CD14 and CD56 expression on

monocytes. (B) Absolute numbers of CD56+ monocytes of normal (n = 27), overweight (ow, n = 23), and obese (ob, n = 60) individuals. Scatter plots show mean ±

SEM. (C–E) Correlation of CD56+ monocyte numbers with BMI (C, n = 110), body fat (D, n = 108), and waist circumference (E, n = 101). (F) Absolute numbers of

CD56+ monocytes of obese individuals with (n = 36) and without (n = 19) impaired glucose tolerance. Scatter plots show mean ± SEM.
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TABLE 3 | Correlations between CD56+ monocytes and variables of obesity,

glucose, lipid metabolism, and inflammation in the entire cohort.

CD56+ monocytes CD56+ monocytes

adjusted for classical

monocytes

r P-value r P-value

BMI 0.663 <0.0001 0.425 <0.0001

Fat mass, % 0.558 <0.0001 0.332 <0.0001

Waist 0.636 <0.0001 0.389 <0.0001

HbA1c-IFCC 0.603 <0.0001 0.556 <0.0001

Total Cholesterol 0.004 NS 0.106 NS

Triglycerides 0.414 <0.0001 0.315 0.001

HDL-c −0.366 <0.0001 −0.274 0.004

CRP 0.585 <0.0001 0.376 <0.0001

n = 110. Data show Pearson or Spearman correlation coefficient. Residual plots of the

data are shown in Supplementary Figure 5. Statistics were performed as described in

Materials and Methods. NS, not significant.

overweight individuals (12.0% ± 1.0 vs. 7.4% ± 1.1, p = 0.0015).
The calculated absolute number of M-MDSCmonocytes was also
increased in obese individuals compared to normal controls and
overweight individuals (Figure 3B).

Detailed analysis of clinical variables in the whole cohort
(Table 4) revealed associations of M-MDSC numbers and
M-MDSC numbers adjusted for classical monocytes with
variables of obesity. There were strong associations between the
absolute number of M-MDSCs and BMI (Figure 3C), fat mass
(Figure 3D), and waist circumference (Figure 3E). There was
a correlation with triglycerides, HDL-c and a strong positive
correlation with CRP. Obese individuals with CRP levels >5
mg/L were not different from those with CRP < 5 mg/L
with regard to the numbers of M-MDSCs (55/µl ± 6 vs.
41± 5, NS).

HbA1c correlated with M-MDSC numbers (Table 4).
Stratification of obese individuals in individuals with and
without impaired glucose tolerance did not reveal differences
in M-MDSC numbers (data not shown). However, there were
increased M-MDSC numbers in obese individuals with T2D in
comparison to obese individuals without T2D (Figure 3F).

DISCUSSION

Our findings suggest that classical monocytes, intermediate
monocytes, CD56+ monocytes, and M-MDSCs but not non-
classical monocytes, are expanded and contribute to monocytosis
in human obesity (Figure 4A). Newly released monocytes from
the bone marrow are classical monocytes, they represent ∼

80% of the monocytes in the peripheral blood (16). Most cells
of this monocyte subset leave the circulation after 1 day, and
only a minor proportion of classical monocytes matures into
intermediate monocytes and subsequently into non-classical
monocytes (16). This goes in line with our finding that classical
monocytes are present with increased percentage in the blood
of obese individuals, however, intermediate monocytes were
also increased in obese individuals. Increased leukocyte and

monocyte numbers in the peripheral blood of obese individuals
have been reported before (12–14) and were also observed in
our study. Nagareddy et al. demonstrated that monocytosis in
obesity is due to IL-1β produced by ATMs in adipose tissue,
which then stimulates the production of monocytes in the bone
marrow (5). As classical monocytes are released from the bone
marrow and the other two subpopulations mature subsequently
out of classical monocytes, one might expect the increased
classical monocyte numbers seen in our study. Interestingly,
increased classical monocyte numbers in obese individuals were
only observed in one other study (23), the other studies report
about increased intermediate or non-classical monocytes (13, 20–
22). This might be due to different gating strategies used to
discriminate between intermediate and non-classical monocytes.
Zawada et al. compared the two gating strategies, the rectangular
gating strategy and the trapezoid gating strategy and there was
no difference in the results of this study on patients with chronic
kidney disease (35). However, the use of the trapezoid gating
strategy results in higher numbers of non-classical monocytes
and lower numbers of intermediate monocytes compared to
the rectangular gating strategy. We used the rectangular gating
strategy in this study on obese individuals (Figure 1A) and also
in a previous study on rheumatoid arthritis patients (34), mainly
because intermediate monocytes are defined as CD14bright and
non-classical monocytes as CD14dim and the rectangular gating
strategy reflects this better than the trapezoid gating strategy.

CCR2 plays an important role in the recruitment of
monocytes into the adipose tissue. Overexpression of monocyte
chemoattractant protein-1 (MCP-1), the ligand of CCR2, leads
to accumulation of macrophages in the adipose tissue of mice
(11), and CCR2 deficiency in mice results in loweredmacrophage
content of adipose tissue (36). Human classical monocytes are
known to have a high expression of CCR2, whereas non-classical
monocytes do not express CCR2, and intermediate monocytes
express CCR2 but at lower levels than classical monocytes
(37). In addition, Devêvre et al. showed that classical and
intermediate monocytes of obese individuals expressed more
CCR2 than control individuals (13), Krenninger et al. observed
increased CCR2 expression on classical monocytes (38), and
Pecht et al. demonstrated that non-classical monocytes had the
lowest migratory capacity toward adipose tissue conditioned
medium compared to classical and intermediate monocytes (39).
Thismight point to a higher capacity of classical and intermediate
monocytes to migrate into adipose tissue.

In addition to classical and intermediate monocytes, CD56+
monocytes are also expanded in obese patients. There are
only a few studies of this subpopulation. CD56+ monocytes
are pro-inflammatory cells, part of the classical monocyte
subpopulation, more efficient antigen-presenting cells, and
expanded in rheumatoid arthritis and Crohn’s disease (17–
19). In our study, CD56+ monocytes were strongly associated
with higher BMI, body fat, waist circumference, triglycerides,
HbA1c, inflammation, and lower HDL-c. CD56+ monocytes
were also expanded in overweight individuals in comparison
to normal controls, and obese patients with impaired glucose
tolerance showed the strongest expansion of CD56+monocytes.
We can only speculate on the function of this subpopulation
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FIGURE 3 | Quantification of M-MDSCs of normal, overweight, and obese individuals. (A) Representative dot plot of CD14 and HLA-DR expression on monocytes.

(B) Absolute numbers of M-MDSCs of normal (n = 21), overweight (ow, n = 22), and obese (ob, n = 37) individuals. Scatter plots show mean ± SEM. (C–E)

Correlation of M-MDSC numbers with BMI (C, n = 80), body fat (D, n = 75), and waist circumference (E, n = 67). (F) Absolute numbers of M-MDSCs of obese

individuals with (n = 19) and without (n = 18) impaired glucose tolerance. Scatter plots show mean ± SEM.

TABLE 4 | Correlations between M-MDSC monocytes and variables of obesity,

glucose, lipid metabolism, and inflammation in the entire cohort.

M-MDSC M-MDSC adjusted for

classical monocytes

r P value r P value

BMI 0.669 <0.0001 0.393 <0.0001

Fat mass, % 0.524 <0.0001 0.287 0.011

Waist 0.631 <0.0001 0.340 0.004

HbA1c-IFCC 0.470 <0.0001 0.274 0.014

Total Cholesterol −0.154 NS 0.056 NS

Triglycerides 0.369 0.0008 0.272 0.014

HDL-c −0.419 0.0001 −0.349 0.002

CRP 0.569 <0.0001 0.424 <0.0001

n = 80. Data show Pearson or Spearman correlation coefficient. Residual plots of the

data are shown in Supplementary Figure 6. Statistics were performed as described in

Materials and Methods. NS, not significant.

in obesity, but as CD56+ monocytes are able to produce
more pro-inflammatory cytokines and express, as part of the
classical monocyte subpopulation, CCR2, they might be able to
migrate toward the adipose tissue and contribute to the low-
grade inflammation.

The presence of MDSCs in obese patients was hypothesized
because the low grade inflammation in obesity, and the obesity

related presence of fatty acids supports the induction and
accumulation of MDSCs (30, 40–42). There is, to our knowledge,
only one study demonstrating the presence of M-MDSCs in
human obesity. Bao et al. showed that M-MDSCs are expanded
in obese/overweight Chinese men, however, the study cohort was
very small, eight normal controls, and eight obese/overweight
patients (31). M-MDSCs are also expanded in obese mice
(30, 43). Our study demonstrates a strong expansion of M-
MDSCs with increasing BMI, body fat, waist circumference,
triglycerides, inflammation, and decreasing HDL-c. M-MDSC
numbers also expanded with increasing concentrations of
glycosylated hemoglobin, and the strongest expansion of MDSCs
was seen in obese patients with T2D.

Human M-MDSCs in peripheral blood are currently defined
as CD14+/HLA-DRlow/−, however, there is no specific marker to
identify M-MDCSs yet (24). The phenotypic evaluation by flow
cytometry is sufficient to analyze the proportion of M-MDSCs
in the peripheral blood of controls and patients, but functional
studies should succeed to evaluate the immune-suppressive
function of the cells (24).

M-MDSCs influence a plethora of innate and adaptive
immune responses, most of all studied in relation to cancer
(25, 26). Obesity is associated with an increased risk to develop
various cancers (27–29), and as M-MDSCs facilitate tumor
growth by variousmechanisms, the increasedM-MDSC numbers
in obese patients might contribute to the development of cancer

Frontiers in Immunology | www.frontiersin.org 7 August 2019 | Volume 10 | Article 1874

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Friedrich et al. Monocytes in Human Obesity

FIGURE 4 | Perturbation of the monocyte compartment in human obesity. CM, classical monocytes; IM, intermediate monocytes; NCM, non-classical monocytes;

MDSC, myeloid derived suppressor cells; BMI, body mass index; IGT, impaired glucose tolerance; T2D, type 2 diabetes.

in those patients. This was demonstrated in mice as MDSCs
facilitated tumor growth, however, MDSCs also had beneficial
effects and protected mice against metabolic dysfunction and
inflammation (30).

CD56+ monocytes and M-MDSCs are mainly part of the
classical monocytes, and this raised the question whether classical
monocytes without those two subpopulations are still expanded
in obese individuals. As seen in Figure 4B, CD56+ monocytes
and M-MDSCs contribute most to the expansion of classical
monocytes, however, classical monocyte numbers without the
CD56+ subpopulation andM-MDSCs are also increased in obese
individuals compared to normal individuals.

In summary, the comprehensive analysis of blood
monocytes in human obesity revealed a perturbation of the
monocyte compartment with increased numbers of total
monocytes, classical monocytes, intermediate monocytes,
CD56+ monocytes, and M-MDSCs. Increased monocyte
subpopulation numbers were associated with increasing
BMI, body fat, waist circumference, triglycerides, HbA1c,
inflammation, and decreasing HDL-c. The deterioration of the
monocyte compartment toward pro-inflammatory monocytes
and also immune-suppressive monocytes might contribute
to the development of low-grade inflammation and cancer
in obesity.
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