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Background: Obesity is associated with chronic, low-grade inflammation,
which is reflected in altered peripheral blood monocyte characteristics. The
aim of this study was to analyze the monocyte subset composition (classical
(CM), intermediate (IM) and non-classical monocytes (NCM)), and their
inflammatory marker profile (CD14, CD16, CD36, CD45, CD64, CD300e,
HLA-DR) in individuals with obesity during a 1.5 year combined lifestyle
intervention (CLI), comprising healthy nutrition, increased exercise and
behavioral changes.

Methods: We analyzed monocyte subset counts and immunophenotypes in 73
individuals with obesity, and associated these to baseline body mass index (BMI)
and waist circumference (WC). The measurements were repeated after 10
weeks and at the end of the intervention (1.5 years).

Results: Generally, monocyte subset counts were not associated to BMI or WC
at baseline, neither did monocyte counts change during the 1.5 year CLI.
Immunophenotypically, higher baseline BMI and WC were associated to lower
CD14 and higher CD300e expression by all subsets. During CLI there were
remarkable changes in marker profiles: expression of CD14, CD36, CD45 and
CD64 significantly decreased in CM and IM, as did CD16 (IM and NCM) (p<0.05).
CD300e initially decreased after 10 weeks, but increased sharply at 1.5 years (all
subsets). We observed no consistent associations between changes in
monocyte characteristics and anthropometric changes.
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Conclusion: A 1.5 year CLI in individuals with obesity mediates persistent
immunophenotypic adaptations related to cellular activation in blood
monocytes, whereas changes in subset distribution are limited. Lifestyle-
induced changes in the inflammatory profile of monocytes differ from the
‘less-severe-obesity'-phenotype, suggesting a novel, ‘post-weight-loss’
monocyte setpoint.

KEYWORDS
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Introduction

The prevalence of obesity, defined as a body mass index (BMI)
higher than 30 kg/m® has been growing consistently, and
worldwide there are currently more deaths linked to overweight
and obesity than to underweight (1). Obesity represents an
important risk factor for various types of non-communicable
diseases such as cancer, cardiovascular diseases and depression.
This may be partly attributed to the chronic, low-grade,
inflammatory nature of obesity (2).

Along with the increase in adipocyte size and numbers,
metabolic stress within the adipose tissue triggers production of
inflammatory molecules that facilitate recruitment of monocytes
and activation of adipose tissue macrophages (2-4). The activated
adipose tissue macrophages subsequently produce additional
inflammatory mediators that further enhance tissue inflammation
(5, 6). Meanwhile, the activation of macrophages in patients with
obesity is reflected in raised circulating levels of inflammatory
mediators, such as cytokines and soluble CD163 (sCD163) (7-9).

Monocytes are central cellular elements in innate immune
responses and as such involved in homeostasis, immune defense,
and tissue repair (10, 11). The circulating monocyte population
consists of three main subsets that differ in phenotype and function,
and that are referred to as ‘classical monocytes’ (CM, CDI14+
+CD16-), ‘intermediate monocytes’ (IM, CD14++CD16+) and
‘non-classical monocytes’ (NCM, CD14+CD16++) (10).
Monocytes develop in bone marrow and are released in blood as
CM, which subsequently mature into IM and NCM (12). In healthy
humans in steady state, around 85% of all circulating monocytes are
CM, 5% are IM and 10% are NCM (10, 11). Acute or chronic
inflammatory conditions mediate a change in monocyte subset
distribution, in general causing an increase in CD16-expressing
subsets (10, 11). In addition, the expression of multiple
immunophenotypic markers alters, indicative of monocyte
activation (13).

Current literature shows that severe obesity, as compared
to the lean state, is characterized by a higher number of
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peripheral blood monocytes, a relative increase in CD16+
monocyte subsets, and increased levels of inflammatory
surface markers by all subsets (14-16). Also, monocytes are
chronically activated as indicated by NF-xB nuclear
translocation and increased expression of pro-inflammatory
cytokines (17-19). Various previous studies have investigated
whether short-term lifestyle interventions, such as energy-
restricted diets with or without high protein intake (14, 20,
21) or exercise (22) can lead to changes in monocyte
subset distribution. Small and inconsistent changes were
found, which may depend on the diverse nature of the
interventions or their duration, which varied from 6-16
weeks. As obesity is a chronic, progressive disease that is on
the long term often resilient to short term weight loss
interventions, it is highly relevant to obtain data of the
longer term, which are currently lacking. Also, it becomes
increasingly clear that a lifestyle intervention for obesity
should include multiple aspects, consisting of nutritional
advice, physical activity as well as structural behavioral
changes, instead of any of these components alone (23). In
such a combined lifestyle intervention (CLI) the beneficial
effects extend beyond weight loss alone and lead to a
multitude of beneficial effects (24)including relevant effects
on systemic T-cell activation and an increase in regulatory T-
cells, which occur independently of weight loss (7). However,
how CLI affects the monocyte compartment in obesity over
the longer term is unclear so far.

Therefore, in the current study we examine individuals with
obesity for peripheral blood monocyte counts, subset
distribution and activation profiles as indicated by
immunophenotypic marker expression. First, we assess
whether these monocyte characteristics are associated with
clinical, obesity-related parameters at baseline. Subsequently,
we follow a group of patients with obesity undergoing a CLI,
to observe which of the aforementioned monocyte parameters
change during the intervention and whether these changes are
related to changes in body composition.
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Methods
Subjects

Patients with obesity were enrolled in the lifestyle
intervention program at Erasmus MC, University Medical
Center Rotterdam after referral by their primary care
physician for obesity. Inclusion criteria were: BMI >30 kg/m>
in combination with at least one of the following co-morbidities:
diabetes mellitus type 2, insulin resistance (based on HOMA-IR,
computed as glucose (mmol/L) x insulin (pIU/mL)/22.5),
dyslipidemia, hypertension, arthrosis, sleep apnea syndrome,
liver steatosis or polycystic ovarian syndrome. For diagnosis of
the metabolic syndrome the joint interim statement criteria were
used (25). Exclusion criteria: not proficient in the Dutch
language, intellectual disability, inability to participate in
physical exercise, underlying causes of obesity that require
different treatment (such as genetic or endocrine disorders),
insufficient motivation, severe psychopathology that requires
different therapy and a current pregnancy wish. Before the
start of the program all medication with potential weight-
gaining side effects was optimized.

The study was approved by the local medical ethical
committee (MEC2012-257).

Intervention

The aim of the intervention was to adapt to a lifestyle that
participants could maintain on the long term, and comprised, in
brief (1): a healthy diet according to the Dutch guidelines for
healthy nutrition (26) (without a preceding hypocaloric phase),
(2) increasing exercise by increasing both aerobic and anaerobic
activities, and (3) improvement in mental status with a cognitive
behavioral therapy-based approach.

This lifestyle was taught either via small groups (Combined
Lifestyle Intervention+, CLI+) or a blended care program with a
partly online intervention (E-Health, EHE), according to the
participants’ preferences. In the first group patients received
group therapy that was led by a psychologist, a dietitian, and a
physiotherapist. In the first 10 weeks, group meetings were
weekly and after 10 weeks the meetings gradually tapered,
until 1.5 years, as described elsewhere (24).

In the second (EHE) group the advices were given in a
blended care program that included 5 multidisciplinary group
sessions and an online, web-based intervention, given over the
time span of 26 weeks, followed by 3 monthly follow-up
meetings, as previously described (27). As the content and
evaluation moments of the lifestyle intervention did not differ
and numbers were small, data from the two groups were
combined in all analyses.

Frontiers in Immunology

03

10.3389/fimmu.2022.1022361

Evaluation moments

Patients had evaluation moments before the start of the
program, after 10 weeks (T1) and after 1.5 years (T2). Then,
patients were seen by a physician and routine clinical
assessments were performed, including anthropometric
measurements, and fasting blood samples (including glucose
levels, total cholesterol and HDL and LDL cholesterol) were
obtained early in the morning. For research purposes additional
blood was taken at these evaluation moments. In a subset of
patients dietary intake was assessed using a self-administered 3-
day food diary, which was checked by a dietitian, and
subsequently caloric intake was computed. Also an estimate of
the patients activity, expressed as ‘metabolic equivalent of task’
(MET) minutes per week, via the International Physical Activity
Questionnaire was assessed.

Similarly, in a subset of patients DEXA-scans were available,
which were performed using either the Lunar Prodigy Advance
or the Lunar iDEXA [both: GE Healthcare, Madison, W1, USA.
Measurements are comparable between these scans (28)]. We
assessed total mass, fat mass (kg), fat-free mass (kg).

Monocyte immunophenotyping and
serum sCD163 measurement

Monocyte immunophenotypes were analyzed in freshly
obtained whole blood samples by flow cytometry using a
FACS Canto II (Becton Dickinson) in the diagnostic facility of
the Laboratory Medical Immunology under strict quality
guidelines (ISO15189) (29). The following phenotypical
markers (antibody clones and fluorescent labels mentioned in
parentheses) were used to identify monocyte subsets and
inflammatory activation status: CD45 (HI30-PO, Invitrogen),
CD14 (MO-P9-APC-H7, BD Biosciences), CD16 (3G8-PE-Cy7,
BD), CD64 (10.1-PerCP-Cy5.5, BD), HLA-DR (L243-PB,
Biolegend), CD300e/IREM2 (UP-H2-APC, Immunostep) and
CD36 (CLB-IVC7-FITC, Sanquin). An overview of these
markers, their expression and function is provided in
Supplementary table 1. Flowcytometry data were analyzed
using Infinicyt software (Cytognos, Salamanca, Spain) and
median fluorescence intensities (MFI) were determined.
Monocytes were identified by being CD45 positive, their
medium-low position on forward scattering plot and their
medium-low position on the sideway scattering plot,
Subsequently, classical (CD14++CD16-), intermediate (CD14+
+CD16+) and non-classical monocytes (CD14+16++) were
identified. A detailed overview of the gating strategy is given in
Supplementary data 2. Serum sCD163, as marker for tissue
macrophage activity, was determined by ELISA as previously
described (7).
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Statistics

SPSS version 25 was used for statistical analysis and Prism
Graphpad version 8 for the visual representation of the data.
Normally distributed data in tables are presented as mean +
standard deviation (SD), non-normally distributed data as
median + range. Differences in monocyte characteristics
between specific patient subgroups (e.g. differing in age, sex)
were assessed by an independent T-test for parametric data, and
otherwise a Mann-Whitney-U test. Baseline monocyte counts
were correlated to clinical characteristics using a Pearson or
Spearman correlation whenever appropriate.

To detect changes throughout the intervention, we used
repeated measurements ANOVA with post-hoc T-test or
Friedmans test with a post-hoc Wilcoxon rank test. We
calculated changes in monocyte markers by the following
formula: ((MFI value new - MFI value old)/MFI old) X 100%.
Changes in monocyte subset distribution and monocyte markers
were correlated to changes in BMI and waist circumference
(WC) using a Pearson or Spearman correlation. Overall, a
p-value < 0.05 was considered statistically significant.

Results

Baseline clinical and monocyte
characteristics

In total, 73 patients with obesity were included (78.1%
female, mean age 43.1 (+ 11.3) years). Mean BMI was 37.6
kg/m2 (+5.6), mean waist circumference was 105.8 cm (+ 15.3)
and 35 patients fulfilled the criteria of the metabolic syndrome
(MetS) (47.9%). Males had significantly higher weight, waist
circumference (WC) and blood glucose levels than females

TABLE 1 Baseline characteristics in patients with obesity.

Female
N 57
Age, years (Mean, SD) 42.40 (11.45)
Height, cm (Mean, SD) 1.67 (0.07)
Weight, kg (Mean, SD) 104.72 (17.45)
BMI, kg/m2 (Mean, SD) 37.59 (5.96)
Waist circumference, cm (Mean, SD) 102.59 (14.56)
Fasting blood glucose level, mmol/L (Mean, SD) 5.58 (1.39)
HOMA-IR (Mean, SD) 5.75 (6.07)
HDL cholesterol level (Mean, SD) 1.38 (0.33)
Triglyceride levels (Mean, SD) 1.42 (0.83)
MetS present 26 (54.2)
(N) (%)
Participants in protocol E-health (N) (%) 28 (49.1)

10.3389/fimmu.2022.1022361

(p<0.001, p<0.001, p=0.036 respectively). Additional clinical
baseline characteristics are provided in Table 1.

In our patient group, average cell counts were 4.1 x 10>/ml
for the total monocyte population, 31.3 x 10*/ml for CM, 0.91 x
10*/ml for IM and 3.6 x 10*/ml for NCM (Table 2). Mean
relative monocyte subset distributions were: CM = 86.9%, IM =
2.6% and NCM = 10.5%. We observed no significant differences
in absolute monocyte counts between the two sexes, between
patients with or without MetS and between age categories (<50
and >50 years, Supplementary data 3). Regarding monocyte
frequencies: older patients (=50 years) had a lower percentage of
CM and higher percentage of NCM (p=0.01 and p=0.02
respectively, Supplementary data 3A). With respect to marker
expression, also only limited differences were found between
subgroups: HLA-DR expression by IM was higher in older
individuals (p=0.04, Supplementary Data 3A), and CD300e
expression by CM and NCM was significantly increased in
subjects with MetS (p=0.02 and 0.03 respectively,
Supplementary data 3B).

Monocyte characteristics are associated
with parameters of obesity and systemic
inflammation

Investigating baseline characteristics, we found no
significant associations between absolute or relative monocyte
counts and BMI (Table 3; Supplementary Figure 4A). The IM
subset frequency was weakly negatively associated to WC (rho=-
0.234, p=0.048, Table 3; Supplementary Data 4B). There were no
other correlations between absolute or relative monocyte counts
and WC.

Interestingly, in our patients with obesity, we observed a
significant association between monocyte counts and signs of

Male Significance Female/Male
16

45.69 (10.64) 0307
1.80 (0.04) <0.001
122.12 (11.46) <0.001
37.67 (3.99) 0373
117.91 (12.12) <0.001
6.50 (1.69) 0.036
8.89 (6.31) 0.091
1.09 (0.23) 0.001
2.14 (1.34) 0.010
9 (56.2) 1.000
6 (37.5) 0.589

SD standard deviation, MetS Metabolic syndrome [definition based on Alberti et al (25)].
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TABLE 2 Leukocyte subset counts and monocyte subset phenotypes at baseline of individuals with obesity.

N

Total leukocyte count (10E6/ml), (mean (SD))

Total neutrophil count (10E6/ml), (mean (SD))

Total lymphocyte count (10E6/ml), (mean (SD))

Total eosinophil count (10E6ml), (mean (SD))

Total monocyte count (10E6ml), (mean (SD))

Relative CM (%) (mean (SD))

Relative IM (%) (median [IQR])

Relative NCM (%) (mean (SD))

Absolute number of CM (10E4/ml), (mean (SD))

Absolute number of IM (10E4/ml), (mean (SD))

Absolute number of NCM (10E4/ml), (mean (SD))

MEFI CD36 CM (10E3), (mean (SD))
IM (10E3), (mean (SD))
NCM (10E3), (mean (SD))
CM (10E3), (mean (SD))
IM (10E3), (mean (SD))
NCM (10E3) (median [IQR])
CM (10E3), (mean (SD))
IM (10E3), (mean (SD))
NCM (10E3), (mean (SD))
CM (10E3), (mean (SD))
IM (10E3), (mean (SD))
NCM (10E3), (mean (SD))
CM (10E3), (mean (SD))
IM (10E3), (mean (SD))
NCM (10E3), (mean (SD))
CM (10E3), (mean (SD))
IM (10E3), (mean (SD))
NCM (10E3), (mean (SD))
CM (10E3) (median [IQR])
IM (10E3) (median [IQR])
NCM (10E3) (median [IQR])

MFI CD64

MFI CD14

MFI CD16

MFI CD45

MFI HLA-DR

MFI CD300e

Female Male p-value
57 16
6.8 (1.4) 7.0 (2.0) 0.72
39 (12) 43 (1.8) 0.28
22(0.7) 1.9 (0.5) 0.12
0.3 (0.6) 03(02) 0.94
03 (0.1) 0.4 (0.1) 023
87.0 (4.0) 86.6 (3.1) 0.73
2.4 (1.9, 3.0] 24[1.9, 28] 057
103 (3.8) 109 (3.0) 0.55
29.9 (10.6) 332 (11.4) 028
0.9 (0.4) 0.9 (0.5) 0.79
34 (14) 4.1 (1.6) 0.07
60.1 (24.7) 57.9 (22.4) 0.75
65.5 (31.1) 70.5 (25.0) 0.56
27.3 (20.2) 27.9 (16.7) 091
9.9 (3.5) 9.1 (2.6) 0.42
7.6 (3.5) 7.0 (2.4) 0.54
1.5[0.9, 2.4] 1.5 [1.0. 2.6] 0.73
20.8 (4.8) 19.8 (3.0) 0.44
163 (5.0) 15.0 (3.3) 0.34
2.6 (1.4) 22(09) 03
1.9 (0.7) 1.7 (0.5) 041
159 (6.1) 157 (6.4) 0.89
27.3 (10.8) 26.8 (11.0) 0.86
65(12) 6.4 (0.9) 0.74
85 (12) 8.7 (1.0) 048
7.4 (L1) 7.7 (0.8) 032
6.5 (2.9) 6.0 (2.9) 0.57
22.6 (8.7) 21.0 (8.1) 0.52
10.6 (4.2) 89 (3.1) 0.14
3.4[25,3.8] 35 [2.9,5.0] 0.55
5.2 [4.0. 6.6] 5.8 [4.4, 9.4] 0.42
3.2 (2.7, 44] 4.2 [3.0. 53] 0.21

Normally distributed data are presented as mean (standard deviation), non-normally distributed data as median + interquartile range and in italic font. Independent T-tests were used to
determine differences between normally distributed data, the Mann-Whitney U test for non-normally distributed data. A significance level of 0.05 was used. CM classical monocytes, IM

intermediate monocytes, NCM non-classical monocytes, SD standard deviation, IQR interquartile range, MFI median fluorescence intensity.

systemic inflammatory activation, as the absolute number of
total monocytes and the absolute count of IM correlated
positively to circulating sCD163 levels (r=0.420, p<0.001,
Table 3; Supplementary Figure 4C), and absolute CM counts
had a positive trend to sCD163 levels (r=0.243, p=0.053).
Regarding monocyte inflammatory marker expression, we
found several significant associations with obesity parameters.
CD14 expression by CM and IM correlated negatively with WC
and BMI (Table 3; Supplementary Figure 4D, all p<0.05). In
contrast, CD300e expression on all monocyte subsets correlated
positively to WC and BMI (Table 3; Supplementary Figure 4E,
all p<0.05, except for CD300e in NCM versus BMI, which was
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not significant). CD36 expression by IM and NCM correlated
negatively with BMI (Table 3, Supplementary Figure 4F). CD45
expression by CM negatively correlated with BMI, as did HLA-
DR expression on CM (Table 3, Supplementary Figure 4G, H).
Monocytic CD16 and CD64 expression showed no significant
correlations with WC or BMI (data not shown).

For metabolic parameters, we saw a different profile (Table 3
and Supplementary Data 4I). HOMA-IR correlated positively to
CD16 expression by IM and NCM (r=0.296 and 0.246
respectively, both p<0.05), as well as CD64 expression by
NCM (rho=0.252, p<0.05). HDL-cholesterol levels only
correlated negatively to the absolute and relative amount of
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TABLE 3 Correlation between monocyte characteristics and relevant obesity parameters at baseline.

Parameter BMI wC
Absolute monocyte count Total 0.052 0.189
CM 0.050 0.178
M 0.053 0.032
NCM 0.044 0.217
Relative monocyte count CM -0.071 -0.059
M -0.139 -0.234*
NCM 0.063 0.093
CD36 CM -0.204 -0.169
M -0.262* -0.176
NCM -0.262* -0.173
CD14 CM -0.283* -0.314**
M -0.301** -0.279*
NCM -0.217 -0.200
CD16 CM -0.149 0.003
M 0.015 0.136
NCM -0.123 0.004
CD64 CM -0.118 -0.090
M -0.153 -0.088
NCM -0.096 0.107
CD45 CM -0.280* -0.104
M -0.146 0.117
NCM -0.189 0.058
HLA-DR CM -0.279* -0.173
M -0.005 0.014
NCM -0.136 -0.165
CD300e CM 0.268* 0.295*
M 0.233* 0.311**
NCM 0.175 0.286*
sCD163 0.166 0.165
*: p<0.05
**: p<0.01
0 p<0.001

sCD163 HOMA-IR HDL-cholesterol Triglycerides
0.259* -0.032 -0.220 0.197
0.243 -0.031 -0.236* 0.185
0.420%* -0.049 -0.033 -0.042
0.177 -0.020 -0.038 0.257*
-0.027 0.048 -0.237* -0.049
0.195 -0.026 0.188 -0.188
-0.046 -0.038 0203 0.106
-0.003 0.042 -0.109 0.135
0.033 -0.027 -0.138 0.122
0.046 -0.086 -0.105 0.135
0.099 0.066 -0.100 0.202
0.067 0.023 -0.103 0.145
0.046 0.022 0.021 0.012
0.076 0.125 -0.148 0.138
-0.058 0.296* -0.066 0.110
-0.005 0.246* -0.041 -0.018
0.017 0.048 0.019 -0.059
0.060 0.061 -0.028 -0.026
0.009 0.252% -0.167 0.034
-0.088 0.002 -0.125 0.071
-0.064 0.101 -0.179 0.309*
0.028 0.038 -0.091 0.338**
0.007 -0.223 0.117 -0.014
-0.008 -0.184 0.098 0.084
0.176 -0.232 0.103 0.057
0.115 0.145 -0.155 0.246*
0.100 0.136 -0.070 0.299*
0.144 0.131 -0.122 0.327°*
NA 0.065 -0.156 0.021

Pearson correlation coefficients are shown between the mean fluorescent index (MFI) of relevant phenotypical markers of monocytes. Correlation coefficients in Italic are calculated using
Spearman’s correlation coefficient. Correlation coefficients in bold are significant at p < 0.05. NA, not applicable; CM, classical monocytes; IM, intermediate monocytes; NCM, non-classical
monocytes; BMI, body mass index; WC, waist circumference; HDL, cholesterol high density lipoprotein cholesterol.

classical monocytes (r=-0.236 and -0.237 respectively, both
p<0.05). Triglyceride levels had a positive association to the
absolute number of NCM (r=0.257, p<0.05), CD45 expression
by IM and NCM (r=0.309 and r=0.338, p<0.01) and with
CD300e expression by CM, IM and NCM (rho=0.246, 0.299
and 0.327, all p<0.05).

Changes in monocyte parameters during
a combined lifestyle intervention
program

From all patients who started the CLI program, complete

data at baseline and T1 (10 weeks) could be obtained from 51
participants, while for T2 (1.5 years) complete data were

Frontiers in Immunology

available from 35 participants. Reasons for loss-to-follow-up
were: pregnancy (n=2), not showing up at evaluation moments
(n=2), difficulty in completing the program (n=1), and no
specified reason (n=11).

The effects of CLI on anthropometric parameters are
summarized in Table 4. In the first 10 weeks, participants
(n=51) achieved significant decreases in weight and WC, and
lost a significant amount of fat mass. After 1.5 years (n=35),
weight loss remained stable and WC and fat mass increased
slightly, but was still smaller than baseline. Participants who
completed the full program did not differ regarding baseline
characteristics or T1 characteristics from those who dropped
out. In the Supplementary Data 5, we show the mean self-
reported daily caloric intake, as assessed from nutritional diaries,
as well as mean MET-minutes of whom this was available.
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TABLE 4 Clinical parameters before, during and after a combined lifestyle intervention.

Participants with complete data at baseline and first evaluation
(n=51)

Subgroup of participants with complete data at baseline, first and second assessment

(n=35)

Clinical parameter TO T1 T2
Weight (Kg) 107.7 103.0 * n/a
BMI (Kg/m?) 37.2 356° n/a
Waist circumference (cm) 103.9 97.8 % n/a
DXA fat mass (kg) d 49.2 46.5* n/a
DXA fat free mass (kg) ¢ 54.0 53.4 n/a
Fasting glucose 5.7 54° n/a
HDL 14 13 n/a
Triglycerides 1.4 12° n/a
Weight (kg) 108.4 103.2°° 103.9 %
BMI (kg/m?) 37.4 356° 35.8
Waist circumference (cm) © 103.2 97.7 % 102.8 *
DXA fat mass (kg) ¢ 492 454 458
DXA fat free mass (kg) ¢ 54.8 54.1 54.5
Fasting glucose 5.6 5.5 5.7
HDL 14 13 14°
Triglycerides 1.6 13° 16"

Follow-up clinical characteristics during intervention. All data are normally distributed and are presented as mean + SD. Paired T-tests and a significance level of 0.05 was used.

a: significantly different from TO (p < 0.05).
b: significantly different form T1 (p < 0.05).
c: complete waist circumference data in n=23 participants.

d: complete data on DEXA-scans available in n=14 participants (at TO and T1) and n=12 (at T0, T1 and T2).

BM, body mass index (kg/m?).
n/a, not applicable.

Considering monocyte parameters, we observed that the
absolute total monocyte count did not change significantly
during the program (Figure 1). For the subset distribution, in
the 51 patients who completed the first part of the program a
significant increase in absolute IM counts was observed
(p=0.039), corresponding to an average relative increase of IM
from 2.7% at baseline to 3.6% at T1 (p=0.008). Meanwhile,
relative CM levels at baseline were 87.1%, which decreased to
85.8% at T1 (p=0.025), while relative NCM remained stable at
T1. Among the 35 patients who completed the full, 1.5 year
program, no other significant changes were observed between T1
and T2 for absolute or relative counts of monocyte subsets,
except for a decrease in the relative amount of NCM (10.8% at
T1 and 9.2% at T2; p=0.043). Remarkably, changes in
anthropometric parameters between TO and T1 or between TO
and T2 were not associated to changes in monocyte counts.

Changes in monocyte marker expression throughout the
intervention are shown in Figure 2. CD14 expression by CM and
IM decreased significantly between TO and T1, and showed a
further decrease at T2 (all p<0.001). CD16 expression by IM and
NCM decreased between TO and T1 (both p<0.001), and
stabilized at T2. CD300e expression decreased slightly in all
monocyte subsets between T0 and T1 (all p<0.01), but showed a
strong increase towards T2 (all p<0.01). CD64, CD36 and CD45
expression by CM and IM decreased, reaching statistical
significance for T2 (p<0.001 for CD64, all p<0.05 for CD36
and CD45). HLA-DR expression did not change on any of the
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measured monocyte subsets throughout the intervention period
(Supplementary Figure 6).

In general, changes in CD14, CD36, CD64, CD45 and
CD300e were not associated with changes in BMI or WC.
Only the initial decrease in WC between baseline and T1
correlated to a decrease in CD14 expression by IM (r= 0.318,
p=0.026; Supplementary Figure 7), whereas at T2 the decrease in
WC correlated to an increase in CD14 expression (r= -0.415,
p=0.049, Supplementary Figure 7). There were however no
associations between changes in CD14 expression of IM and
BMI, nor associations between WC and CD14 expression by
CM (p>0.1).

Discussion

In the current study, we investigated peripheral blood counts
of the three main monocyte subsets as well as specific surface
marker expression levels by these monocyte subsets in
individuals with obesity. We studied associations between
monocyte subset composition and their phenotype and
parameters of obesity, as well as their respective changes upon
a lifestyle intervention.

With respect to the absolute and relative numbers of distinct
monocyte subsets, we found that these were not correlated at
baseline to BMI and WC, except for the frequency of IM, which
correlated modestly negatively to WC. We observed that after
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Changes in the monocyte subset distribution during the lifestyle intervention. Changes in absolute (upper row) and relative (lower row) monocyte levels
in total monocytes, classical monocytes (CM), intermediate monocytes (IM) and non-classical monocytes (NCM) between TO and T1 of patients who
had a complete follow-up at T1 (n=51) and between TO and T2 patients who completed the program (n=35). Individuals who had follow-up until T1 are
represented as grey dots, individuals with follow-up until T2 are represented as black dots. Normally distributed data, (total monocyte counts, absolute
CM/NCM and relative CM/NCM), are presented as mean + SD. Non-normally distributed data, (absolute and relative IM), are presented as median and
range. Paired T-tests were used to determine the differences between TO and T1, and between TO and T2 for normally distributed data, the Wilcoxon

signed ranks test for non-normally distributed data. *p < 0.05, **p < 0.01.

1.5 year of lifestyle modifications, leading to significant but
modest decreases in weight and waist circumference, there was
a subtle increase in absolute and relative numbers of IM in the
initial phase of the program. However, at the end of the program
this increase was not maintained, and the change in IM lost
statistical significance compared to baseline. Furthermore, we
saw a small but significant decrease in the relative number of
NCM at the end of the program, compared to both baseline
and T1.

Previously, others have investigated the relations between
monocyte subset counts and parameters of obesity. Most of these
studies reported that increasing counts of CD16+ monocytes
(IM and NCM) are associated to increasing severity of obesity
(14, 15, 30) or with components of MetS (3, 20, 31). In our
population, the only significant association of monocyte counts
with obesity parameters at baseline was the negative association
between the relative number of IM with waist circumference,
which seems contradictory to the earlier findings. As most other
correlation coefficients were positive, though non-significant,
this could indicate a power problem. This seems to be a more
general issue in this field of studies with extensive
immunological measurements, as many previously published
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studies had a comparable or sometimes even smaller number of
participants compared to ours (16, 20-22, 30). Importantly,
other cohorts often included lean or overweight individuals
(15), or individuals with more severe obesity (14), which may
limit the comparability as our cohort showed less dispersion
in BML

Interestingly, we found strong associations between the total
number of monocytes and sCD163, and between the number of
IM and this indicator of systemic macrophage activation. We
previously found sCD163 to be increased in this cohort of
patients with obesity, and particularly in those who also have
the MetS (7). The association between total monocytes, and
particularly IM, and sCD163 can be interpreted as indication of a
generalized, systemic activation of at least the monocyte/
macrophage arm of the innate immune system that is present
in individuals with obesity. This is possibly linked via the
chemokine CCL2, which is increased in obesity (7) and
important in monocyte mobilization and correlated to the
number of monocytes in circulation (32).

After the CLI, we observed no major changes in the total
monocyte and subset counts. Absolute and relative IM counts
subtly increased after the first ten weeks, but these changes were
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(upper right), CD16 (lower left), CD300e (lower middle) and CD45 (lower right), in classical monocytes (CM), intermediate monocytes (IM) and
non-classical monocytes (NCM) between TO and T1 of patients who had a complete follow-up at 10 weeks (T1, n=51) and at 1.5 years (T2,
n=35). Individuals who had follow-up until T1 are represented as grey dots, individuals with follow-up until T2 are represented as black dots.
CD14 expression by CM and IM, CD36 expression by CM and IM, CD16 expression by all subsets, and CD45 expression by CM and IM are
normally distributed and are presented as mean + SD. CD300e and CD64 expression by all subsets, CD14 expression, CD36 expression and
CD45 by NCM are presented as median + range. Paired T-tests were used to determine the differences between TO and T1, and between TO
and T2 for normally distributed data, the Wilcoxon signed ranks test for non-normally distributed data. Differences between TO and T1 were
calculated in n=51 participants, differences between T1-T2 and TO-T2 were calculated in n=35 participants. N/A: not applicable. MFI: median

fluorescence intensity. *p < 0.05, **p < 0.01, ***p < 0.001.

not persistent at the end of the program, whereas relative NCM
numbers slightly decreased only at the end of the program, and
absolute NCM counts were stable. Altogether, our findings are
similar to what has been published before for short-term lifestyle
interventions, describing minimal or inconsistent changes in
monocyte subpopulations in response to short-term diets or
lifestyle changes (14, 20-22, 33). However, our finding that IM
counts significantly increase after ten weeks of CLI is not
observed in other studies. An explanation for this remains
speculative, but might be related to the essentially different
approach in our program, characterized by the healthy diet,
combined with exercise and behavioral adaptation in a
prolonged trajectory. Hence, despite the unique insights on the
longer term that our data provide, we found insufficient evidence
for consistent changes in monocyte subset distribution following
lifestyle changes in individuals with obesity.

In contrast to the lack of consistent associations of the quantity
and frequency of monocytes and subpopulations to obesity
parameters, and their rather limited changes in response to the
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CLL we found that the phenotypical characteristics of the
monocytes had stronger baseline associations and more
pronounced changes after the intervention. At baseline, patients
who had higher BMI and WC had lower CD14 expression by CM
and IM, and higher CD300e expression by all subsets. During the
intervention, we found that CD14 expression by CM and IM,
decreased in the first ten weeks and kept decreasing at follow-up.
Also, CD36, CD45 and CD64 expression by CM and IM decreased
over the full program, as well as CD16 expression by NCM. The
highly significant, continuing decrease of CD14 expression is
surprising, and seemingly inconsistent with our finding that
CD14 expression correlates negatively to BMI and waist
circumference, as both BMI and waist circumference diminished
during the intervention. These contradictory findings suggest that
the immunological changes that take place in obesity are complex
and may not simply reverse after weight loss.

Concerning the expression of monocyte activation marker
CD300e, we found that its expression by all subsets decreased in
the first ten weeks of the program. Since we also found that CD300e
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positively correlated to BMI and WG, it is consistent with our
finding that CD300e decreased when patients initially lost weight.
Puzzlingly, while patients maintained weight loss during the second
leg of the program, CD300e expression by all monocyte subsets
increased, resulting in a significantly higher expression level at T2
than T0. Of note, results of the marker expression assessment were
not affected by inter-run variability as instrument settings were
standardized throughout, and inclusion of patients ran over a
significant period of time causing overlap between determinations
of different time points in different patients, making a technical
explanation for these surprising findings highly unlikely.

To our knowledge, our study is the first to describe CD300e
expression of monocytes in obesity, and the response to an
intervention. It can be speculated that its increased expression
with increasing obesity is indicative of the pro-inflammatory
status in obesity, and that it thus decreases after initial weight
loss. In the subsequent weight maintenance phase CD300e
expression in all subsets increases again sharply, which may
indicate again that a different inflammatory response state
is achieved.

To summarize changes in monocyte surface markers upon CLI,
we found a general pattern of downregulation of cell surface
markers CD14, CD16, CD36, CD45 and CD64 on relevant
subsets during the program, with the remarkable exception of
increased CD300e in the second leg. Since monocyte cell surface
markers are indicative of their inflammatory and activation status,
the decreased expression in activating receptors causes monocytes
to be less responsive upon encountering appropriate triggers. This
suggests that monocytes’ contribution to the chronic, systemic
inflammation characterizing obesity is lowered or altered. This
may be related to changes in T-cell homeostasis that we described
earlier in this same cohort (7), where we found less T-cell activation
and increased regulatory T-cells after the lifestyle intervention.
Importantly, the inflammatory mark-up that is seen after lifestyle
changes, as indicated by changes in innate and adaptive immune
cell profile (7) and levels of inflammatory cytokine and other
mediators such as sCD163, differs from mere “reversal” of the
obesity, and may also be subject to changes over time. Together, this
indicates the development of a novel inflammatory “post-weight-
loss” setpoint, that is different from the phenotype that is seen in
lean individuals or individuals with less severe obesity who are not
yet treated. This phenomenon may be part of the general memory
of the innate immune system. Such an altered immunological
phenotype in obesity likely translates into modified responses to
environmental triggers, which is known as ‘trained immunity’ (34).
Mechanistically, this is thought to be induced by epigenetic changes
mediated by chronic metabolic challenges.
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In our cohort, changes in monocyte characteristics during
CLI were not directly related to changes in BMI and WC. This
suggests that distinct mechanisms operate in the regulation of
metabolic and immune parameters related to obesity. We have
previously shown that the beneficial effects of this lifestyle
intervention extend beyond weight loss alone, and include also
metabolic and psychological improvements (24). Perhaps some
of the changes we observed at monocyte level can be related to
improvements in mental status or body composition, such as fat
mass or fat-free mass (of which we had too little data to perform
valid statistical correlations), instead of weight loss alone.

Strengths and limitations

Strengths of this research are the extensive immunological
phenotyping that extends beyond monocyte counts but also
includes activation markers. Also the multidisciplinary approach
of this intervention may be considered a strong point. Many
lifestyle interventions in the treatment of obesity focus solely on
diet or exercise, whereas our intervention combines a healthy
diet with exercise and elements of behavioral therapy (24).
Moreover, patients were followed for 1.5 years, while previous
studies that investigate monocytes focus on short term
outcomes, thereby ignoring the weight regain that frequently
occurs after short-term weight loss.

On the other hand, our work also has important
limitations. During this long follow-up there was a
substantial number of participants that dropped out of the
program or of whom we did not have complete data at the
second evaluation. As for many participants it is not known
why they dropped out of the program, this may have induced a
selection bias. Next, our sample size is relatively small, which
limits statistical power and hampered us to perform valid
subgroup analyses, such as sex-differences. Next, data
regarding adherence to the lifestyle-intervention are lacking
or may be subject to recall-bias, which is a known phenomenon
for studies involving lifestyle interventions (35). Another
weakness of the study is that we could not include a control
cohort of individuals without obesity, nor follow individuals
with obesity that were not treated, which would have enabled a
direct comparison between these groups.

Next, for future research it would be highly interesting to
include functional studies of monocytes, for instance the response
to an inflammatory stimulus such as lipopolysaccharides (LPS), or
include gene expression profiles of the monocyte subsets, to obtain a
more extensive view on the inflammatory profile of the monocytes.
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Final remarks

In conclusion, we found that patients with obesity who
followed a lifestyle intervention showed a persistent, long-term
reduction of several monocyte surface activation markers,
despite only modest changes in the counts of monocyte
subpopulations. Our findings suggest that in obesity, the
inflammatory status of monocytes may be beneficially affected
towards a novel, different phenotype after a comprehensive
lifestyle intervention.
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