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Bariatric surgery and subsequent weight loss lead to a reversal
of peripheral blood monocytosis in obesity

X<
Marco Krasselt@®'?

Manuela Rossol®, Michael Stumvoll @2 and UIf Wagner'”’

© The Author(s) 2026

. Kathleen Friedrich'®, Laurin Braune’, Kathrin Rothe', Matthias Bliiher

23 peter Kovacs®?* Arne Dietrich®,

OBJECTIVE: To examine changes in monocyte subpopulations and surface markers in people with obesity before and after bariatric
surgery, and their relation to weight loss, inflammation markers, and comorbidities.

METHODS: Peripheral blood mononuclear cells (PBMCs) were isolated from patients with obesity designated for bariatric surgery at
three different time points: before surgery (=baseline), six months and twelve months after the intervention. PBMCs were analyzed
using flow cytometry to distinguish the different monocytic subpopulations. At each visit, anthropometric measures and routine
laboratory parameters (e.g., C-reactive protein) have been determined.

RESULTS: 111 individuals with obesity (59.5% female, mean age 45.2+11.3 years) with a median body mass index (BMI) of 48.4 kg/
m? were included into this study. Median weight loss was 44.5 kg. The absolute monocyte count decreased significantly after
surgery within twelve months (p = 0.0035). Classical monocytes, non-classical monocytes, intermediate monocytes, and monocytic
myeloid-derived suppressor cells (M-MDSC) decreased significantly after the surgical intervention within six to twelve months.
CD14°"9"/CD56" monocytes did not change significantly during twelve months of observation. Surface expression of CD14
increased in both classical and intermediate monocytes (p = 0.0272 and 0.0087, respectively) within 6 months whereas CD16
declined across all monocyte subpopulations at every time point. The total monocyte counts as well as numbers of non-classical
monocytes were significantly higher in patients with obesity and type 2 diabetes mellitus. COVID-19 containment measures
resulted in a longitudinal reduction in the number of patient evaluations.

CONCLUSIONS: Following bariatric surgery and the resulting weight loss, the obesity-associated perturbation of the monocyte
compartment was largely reversed. Normalization of both the total monocyte pool and of monocyte subpopulations, particularly

those with pro-inflammatory properties such as intermediate monocytes, could contribute to a risk reduction of known co-
morbidities of obesity such as chronic inflammation, impaired glucose regulation, and an increased risk of cancer.

International Journal of Obesity; https://doi.org/10.1038/541366-026-02093-4

INTRODUCTION

Obesity is associated with several comorbid diseases and
conditions including impaired glucose tolerance, fatty liver
disease, coronary artery disease and some types of cancer [1].
Some of these conditions (e.g. type 2 diabetes mellitus, T2DM) are
at least in part the consequence of a chronic tissue inflammation
triggered by macrophages that accumulate in adipose tissue
(adipose tissue macrophages, ATM) and release inflammatory
mediators [2]. Importantly, the NLR family pyrin domain contain-
ing 3 (NLRP3) inflammasome seems to be involved in this process.
It has been demonstrated that obesity is related to the assembly

and activation of the NLRP3 inflammasome and caspase 1
cleavage, ultimately resulting in the maturation of the proin-
flammatory cytokines IL-1f and IL-18 [3].

Peripheral blood monocytes differentiate into macrophages
after immigration into the tissue and are a major source of
macrophages in adipose tissue in particular [4-7]. The attraction of
monocytes to adipose tissue is mediated by the monocyte
chemoattractant protein-1 (MCP-1) and its receptor C-C chemo-
kine receptor type 2 (CCR2) [5, 8]. Peripheral blood monocytes are
increased in people with obesity [7, 9], and immigrate into adipose
tissue in increased numbers, and this effect is most prominent in
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visceral adipose tissue [10]. Monocytes are not a homogenous
population, but consist of three major subpopulations: classical
monocytes  (CD14°"9"/CD167),  intermediate  monocytes
(CD14P19"CD16") and non-classical monocytes  (CD144™
/CD16 +) [11]. Of particular interest are intermediate monocytes:
This subpopulation is associated with several inflammatory
rheumatic diseases, ageing and coronary artery disease (CAD)
[12-28].

The classical monocytes harbor another small subpopulation,
the CD14°"9""/CD56" monocytes which are expanded in auto-
immune diseases such as rheumatoid arthritis (RA) and Crohn'’s
disease. They produce more reactive oxygen intermediates and
pro-inflammatory cytokines in RA and are more efficient antigen-
presenting cells [29, 301.

Investigating the peripheral monocyte compartment in obesity,
we were able to show that it is altered in patients with a BMI
above 27 kg/m? [31]. Compared to lean individuals, obesity is
characterized by increased numbers of total monocytes, classical
monocytes, intermediate monocytes, CD14°"9"/CD56% mono-
cytes, and monocytic myeloid-derived suppressor cells (M-MDSC)
[31]. This monocytosis positively correlates to clinical and
laboratory markers of obesity such as body mass index, waist
circumference, triglycerides, CRP, and HbA1c. The monocytic
compartment seems therefore biased towards proinflammatory
and immunosuppressive phenotypes, potentially contributing to a
chronic low-level systemic inflammation termed metaflammation,
and possible cancer development [31].

We hypothesized that bariatric surgery might normalize the
monocyte compartment in individuals with obesity, since such
procedures and the resulting loss of weight are known to reduce
inflammation and induce remission of T2DM [32].

The aim of this study was, therefore, to investigate long-
itudinally the described alteration in the monocyte compartment
of people with obesity before and after bariatric surgery, to better
understand the impact of obesity on innate immunity.

METHODS AND STUDY DESIGN

Study participants

In collaboration with the Integrated Research and Treatment
Center (IFB) Adiposity Diseases of the Medical Faculty of Leipzig
University, adult individuals with obesity were consecutively
recruited between July 1, 2019 and June 30, 2020, if they had
been scheduled for bariatric surgery (sleeve gastrectomy, Roux-
en-Y gastric bypass surgery, omega loop gastric bypass). Patients
underwent blood sampling and longitudinal analysis of peripheral
monocyte phenotype, absolute monocyte count and further
investigation of clinical as well as laboratory parameters. Obesity
classification was based on the definition of the World Health
Organization (WHO), i.e. body mass index [BMI] =30 kg/mz. Blood
samples were obtained longitudinally at bariatric surgery (base-
line) and both, six and twelve months thereafter.

Exclusion criteria were pregnancy, chronic inflammatory dis-
eases, known infection during the last four weeks, hypoproteine-
mia, renal insufficiency (glomerular filtration rate <30 ml/min/1.73
m?), leukopenia (<3 per pl), and known malignancies.

Blood samples for PBMC-isolation and clinical characteristics
(Table 1) were taken in the fasted state. To assess body
composition of the participants, single frequency bioelectrical
impedance analysis (SF-BIA) was used. The whole-body impe-
dance measurement technique hand-to-foot (HF-BIA) was con-
ducted and analyzed with BodyComposition V 9.0 Professional
(Software BodyComposition, MEDI Cal HealthCare, Karlsruhe,
Germany).

The design of the study was approved by the ethics committee
of the University of Leipzig (AZ 044-16-ff) and written informed
consent was obtained from all participants before study
enrolment.
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Table 1. Clinical and laboratory characteristics of the study patients at
baseline and 6 and 12 months after surgery. Shown are numbers (%),
mean with standard deviation (+SD) or median with interquartile
range (IQR).

Characteristics Baseline 6 months 12 months
n (%) 111 46 16

female, n (%) 66 (59.5) 27 (58.7) 10 (55.6)
age, mean [years] 452+11.3 46.9+10.5 51.5+15.2
BMI, median [kg/m2] 48.4 (12.2) 37.3 (10.1) 34.2 (12.8)
body fat, mean [kg] 76.1+24.3 44.7+22.3 34.4+9
T2DM, n (%) 55 (49.5) 19 (41.3) 8 (42.1)
CRP, median [mg/dL] 8.1 (10.7) 2.5 (5.0) 1.6 (3.24)
LDL/HDL ratio 2.6 (1.3) 2.3 (1.3) 1.9 (1.6)

BMI body mass index, CRP C-reactive protein, T2DM Type 2 Diabetes
mellitus.

Materials

Flow cytometry antibodies fluorescein isothiocyanate (FITC)-
conjugated anti-CD14 (clone TUK4), phycoerythrin (PE)-conju-
gated anti-CD16 (clone REA423), allophycocyanin (APC)-conju-
gated anti-CD56 (clone REA196) and APC-conjugated anti-HLA-DR
(clone AC122) and appropriate isotype controls were obtained
from Miltenyi Biotec, Bergisch Gladbach, Germany.

PBMC Isolation

Human PBMCs were isolated using Ficoll-Paque (GE Healthcare
Life Sciences, Chicago, IL, USA) density gradient centrifugation and
washing in EDTA-containing PBS.

Flow cytometry
PBMCs (1 x 10%100 pl) were stained with CD14-FITC, CD16-PE,
CD56-APC antibodies, and anti-HLA-DR-APC antibody and isotype
controls for 20 min 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 I
and analyzed with FlowJo Version 8.7 (Tree Star) software. Gating
strategies to identify the different monocyte subpopulations have
been further discussed and shown before [31]. Monocyte
subpopulation numbers were calculated as follows: (absolute
monocyte number : percentage of monocyte subpopulation)/100.
Determination of clinical laboratory variables was performed at
the Institute of Laboratory Medicine, Clinical Chemistry and
Molecular Diagnostics, University of Leipzig. Measurement of
C-reactive protein (CRP), HbA1c, cholesterol, LDL-/HDL-cholesterol,
as well as triglycerides, was performed according to manufac-
turer's protocol on an automated laboratory analyzer Cobas 8000
(Roche Diagnostics, Mannheim, Germany). Absolute leukocyte and
monocyte numbers were determined according to manufacturer’s
protocol on an automated laboratory analyzer XN-9000 (Sysmex,
Norderstedt, Germany).

Biostatistical analysis

To describe continuous data, mean and standard deviation (SD) or
median and interquartile range (IQR) were used as appropriate.
Categorical data were described with absolute and/or relative
frequencies. To compare the frequencies of categorical variables,
fisher's exact test was performed. For comparison of continuous
data, student’s t test or Mann-Whitney U, as appropriate, was used.
To complement group comparisons, a paired t test between all
patients that were enrolled and completed month twelve visit was
conducted. To assess the difference of three or more groups,
analysis of variance (ANOVA) or Kruskal-Wallis test with correction
for multiple comparisons (Tukey) was done. A significant statistical
difference was assumed when the p value was below 0.05.
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Included
n =111

Surgery types:
Roux-en-Y gastric bypass: n=70
Sleeve gastrectomy: n=36
Omega loop gastric bypass: n=5

Follow-up 6 months
n = 46 available

Follow-up 12 months
n = 16 available

Note:
Group-wise analysis at all time points (baseline, 6M, 12M)
Paired t-test baseline vs 12M: n = 13 same patients

Fig. 1 Flow diagram showing patient recruitment. Flow of
included patients and available follow-up data at baseline, 6 months,
and 12 months; group-wise analyses were performed at each time
point, and paired baseline-to-12-month analyses included 13
patients with complete data.

All statistical analyses were conducted using GraphPad PRISM
Version 10.2.1 for Mac OS (GraphPad Software Inc., San Diego,
CA, USA).

RESULTS

Study population

In total, 111 patients with obesity undergoing bariatric surgery
(59.5% female, mean age 45.2+11.3 years) have been included
into this study. The majority of patients underwent Roux-en-Y
gastric bypass (n = 70), followed by sleeve gastrectomy (n = 36)
and omega loop gastric bypass (n=5). The median body mass
index (BMI) was 48.4 kg/m? and 49.5% of the analysed individuals
had type 2 diabetes mellitus (T2DM) at baseline. Impaired glucose
tolerance was seen in approx. 10% (see Table 1 for further details
on the patient population and changes in baseline characteristics
after six and twelve months). Common compliance challenges in
bariatric care, such as poor adherence to follow-up visits, led to
substantial patient attrition. These were exacerbated by COVID-19
restrictions and lockdowns, resulting in missed appointments
(particularly at month six), rescheduled assessments, and reduced
blood sampling. Laboratory capacity for flow cytometry was
further limited by staff shortages (Fig. 1).

Monocyte counts are linked to anthropometric measures and
laboratory markers

Bariatric surgery had a significant impact on both, body fat and
BMI (Fig. 2). Body fat decreased from 76.1 to 44.7 kg after six
months (p <0.0001) and further to 34.4kg after 12 months
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Fig. 2 Changes of total body fat (kg) and BMI (kg/m?) after
bariatric surgery and different distribution of monocyte sub-
populations in patients with and without T2DM at baseline.
A Violin plots showing the changes of body fat proportion and BMI
after bariatric surgery. Lines indicate median (dashed line) and
interquartile range (IQR, dotted line). B Distribution of absolute
monocytes and the monocytic subpopulations according to the
presence of a known T2DM at baseline. Each dot represents one
patient. Shown are median and IQR, each dot represents one
patient. Significances as indicated. " - p<0.05, " - p<0.001, """ -
p <0.0001; BL baseline, BMI body mass index, CM classical mono-
cytes, IM intermediate monocytes, NCM non-classical monocytes,
M-MDSC monocytic myeloid-derived suppressor cells, T2DM type 2
diabetes mellitus.

(p = 0.0251). Concordantly, BMI changed from 48.4 to 37.3 kg/m?
after six (p<0.0001) and 34.2 after 12 months (p = 0.0007)
(Fig. 2A). At baseline, both overall monocytes as well as non-
classical monocytes were significantly higher among participants
with T2DM compared to those without diabetes (p=0.03 and
0.04, respectively, Fig. 2B).

Correlations between typical markers of inflammation and glucose/
lipid metabolism as well as anthropometric measures and monocyte
subpopulations can be obtained from Supplementary Table 1. The
overall monocyte count was positively correlated with CRP levels at
baseline (r=0.198, p=0.039) and after six months (r=0.394,
p =0.007); one year after surgery, only a trend was remaining, most
likely due to the lower number of patients (r=0.426, p =0.078,
Supplementary Table 1). In addition, BMI was correlated to overall
monocytes particularly after twelve months (r=0.526, p = 0.025).

Interestingly, non-classical monocytes counts were related to
several parameters. CRP values six and twelve months after
surgery were not only significantly lowered compared to baseline,
but formally also within the normal range given from our central
laboratory. Nevertheless, frequencies of non-classical monocytes

SPRINGER NATURE
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Fig. 3 Quantification of the longitudinal changes of distinct monocytic subpopulations during the study period. A Overall monocyte
count in people with obesity (yellow bars) at baseline (n = 111), six months (n = 46) and twelve months (n = 16). Scatter plots with bar show
mean and standard deviation (SD). The purple and blue bars on the right depict a paired analysis comparing n = 13 patients (baseline vs.
month 12) instead of a group comparison. B-F Numbers of classical monocytes, intermediate monocytes, non-classical monocytes, CD14°righy

CD56" monocytes, and M-MDSCs at the depicted time points. Each dot represents one patient. Significances as indicated.
- p<0.0001; CD cluster of differentiation, M-MDSC monocytic myeloid-derived suppressor cells.

p<0.01,™ - p<0.001, ™

were found to still correlate stringently with CRP values six and
twelve months after surgery (r=0.404, p =0.005; and r = 0.688,
p = 0.013, respectively), indicating those residual CRP levels might
still be disease relevant. Surprisingly, body fat was strongly
negatively associated with non-classical monocytes after twelve
months (r=-0.981, p=0.019). Further correlations can be
obtained from Supplementary Table 1.

Bariatric surgery reverses obesity-related pathological
changes in the monocyte compartment

The absolute monocyte count decreased after the surgical
procedure. Peripheral monocyte counts fell considerably during
the second half of the observation period and were significantly
lower after twelve months both compared to baseline (p = 0.0035)
as well as compared to the six months timepoint (p = 0.0063).
Analysis did not reveal significant change between baseline and
month six though (Fig. 3A). The specific type of bariatric surgery
had no effect on monocyte populations.
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More detailed analyses of the monocyte subpopulations (see
Supplementary Fig. 1 for gating strategies) revealed significant
changes throughout the monocyte compartment.

Six months after bariatric surgery, classical monocyte counts
were not significantly reduced compared to baseline (Fig. 3B).
However, a drop occurred again between month six and month
twelve, resulting in significantly lower frequencies after twelve
months compared to both baseline and the six-month time point
(p =0.0332 comparing baseline vs. month twelve and p = 0.0088
for month six vs. month twelve).

As for intermediate monocytes, a significant reduction was seen
between baseline and month twelve (p = 0.0239, Fig. 3Q).

Non-classical monocytes declined more rapidly during the initial
six months of observation (p = 0.0035), but their decrease did not
continue further after twelve months (Fig. 3D). The paired analysis
of all patients that were evaluated at baseline and month twelve,
revealed an additional difference between baseline and month 12
(p = 0.0299).

International Journal of Obesity



Regarding CD14""9"/CD56" monocytes, only a non-significant
trend towards decreasing frequencies was seen (p>0.1 for all
comparisons, Fig. 3E).

As shown in Fig. 3F, Monocytic myeloid-derived suppressor cells
(M-MDSCs) decreased significantly between baseline and month
twelve (p < 0.0001), but also between month six and month twelve
(p = 0.0006).

The paired analysis for the overall monocyte counts and each
subpopulation comparing baseline and month twelve (Fig. 3, each
on the right) emphasizes the robustness of our data regardless the
dropout rate.

Since we have shown the expansion of classical monocytes in
people with obesity before [31], the finding of an overall
decreasing number of the classical monocytic compartment after
bariatric surgery is striking and further illustrated in Fig. 4.

600
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1

= B cD14%9"CD16"

» = cD14bighyCD56* :|CM
% = M-MDSC

c

g 200 g :/(I:M

o BL month 12
Fig. 4 Reversion of monocyte compartment perturbation after
bariatric surgery. BL baseline, CD cluster of differentiation, CM
classical monocytes, IM intermediate monocytes, M-MDSC monocytic
myeloid-derived suppressor cells, NCM non-classical monocytes.
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In accordance with these findings, laboratory parameters of
inflammation and both lipid and carbohydrate metabolism
changed after bariatric surgery (Fig. 5). A significant decrease of
CRP levels at six and twelve months after surgery (p < 0.0001 for
both timepoints, Fig. 5A) was observed. In addition, glycosylated
hemoglobin (HbA1c) was significantly decreased after six and
twelve months in response to bariatric surgery (p <0.0001 and
0.0474, respectively, Fig. 5B). Triglycerides also declined signifi-
cantly after surgery (p <0.0001 and 0.0177, respectively, Fig. 5C)
and so did total cholesterol (p =0.0005 and 0.0380, respectively,
Fig. 50).

Of interest, LDL-cholesterol showed a significant decrease after
six (p =0.0158), but not after twelve months (Fig. 5E). Although
we did not observe a significant increase of HDL-cholesterol, we
found a rising trend at both, six and twelve months after baseline
(p =0.0662 and 0.0977, respectively - Fig. 5F). As shown in Table 1,
the LDL/HDL ratio, a surrogate marker of dyslipidemia [33],
declined significantly at both months six and twelve (p = 0.0045
and 0.0343, respectively).

Quantitative expression analysis of surface markers

More detailed flowcytometric analysis also revealed phenotypic
changes in the three monocyte subpopulations, which are
differentiated according to the intensity of the detectable surface
expression of CD14 and CD16.

The distinction between classical, intermediate, and non-
classical monocytes is determined by the downregulation of
CD14. In addition, stimulation of monocytes with cytokines like
tumor necrosis factor (TNF) and interferon y (IFNy) in vitro has also
been shown to reduce CD14 expression [34, 35], which acts as a
co-receptor for the detection of bacterial lipopolysaccharide. We
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Fig. 5 Changes in parameters of inflammation, glucose and lipid metabolism from baseline to six and twelve months after bariatric
surgery. A-F The bars depict the variables at three different time points: baseline, after 6 months, after 12 months. Shown are mean and
standard error of the mean (SEM). Significances as indicated. " - p <0.05, ™ - p <0.001, ™" - p < 0.0001; BL baseline, BMI body mass index, CRP
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Fig. 6 Changes in monocyte surface marker expression during the study period. A Expression of CD14 (mean fluorescence intensity [MFI])
in classical, intermediate and non-classical monocytes at baseline, after six months and after twelve months. B CD16 expression in classical,
intermediate and non-classical monocytes at baseline, after six months and after twelve months. Depicted are median and interquartile range
(IQR). Each dot represents one patient. C-E Longitudinal expression of CD14 and CD16 in one exemplary individual in classical C, intermediate

D and non-classical E monocytes. - p<0.05, - p<0.001,
hypothesized, therefore, that reduced monocyte activation due to
attenuation of adipose tissue inflammation might also decrease
CD14 expression and analyzed mean fluorescent intensity of
CD14 staining in the subpopulations longitudinally.

Expression of CD14 increased in both, classical and intermediate
monocytes within 6 months after bariatric surgery (p = 0.0272 and
0.0087, respectively, Fig. 6A). No increase of CD14 expression was
detected among non-classical monocytes, which, by definition,
exhibit very low or absent CD14 levels.

Conversely, the expression of the FcyRIll (CD16), which in
general characterizes an enhanced proinflammatory phenotype in
monocytes, decreased in all subpopulations at all time points, with
the most pronounced decrease occurring in intermediate mono-
cytes after 6 months (p <0.0001, Fig. 6B).

Longitudinal surface marker expression after bariatric surgery in
an exemplary individual is further illustrated in Fig. 6C-E.

DISCUSSION
Our study confirms an expansion of monocytes in obesity, likely
underlying the accumulation of macrophages in adipose tissue.
Classical and intermediate monocytes, characterized by higher
CCR2 expression [7], show increased adipose tissue migration.
Bariatric surgery markedly reduced peripheral monocyte counts—
particularly within specific subpopulations—along with improve-
ments in body fat, metabolic, and inflammatory parameters.

The best characterized alteration of the monocyte compartment
in autoimmune and chronic inflammatory diseases is the

SPRINGER NATURE

- p<0.0001; CD cluster of differentiation.

consistent increase of intermediate monocytes. Intermediate
monocytes have recently been investigated in more detail and
were found to increase in healthy aging [28], in particular in CMV
positive individuals [27], and were confirmed to be associated
with the activity of various autoimmune diseases including SLE
[26], adult-onset Still's disease [23], Takayasu arteritis [22], Behcet's
disease [21], anti-neutrophil cytoplasmatic antibody-associated
vasculitis [17], and RA-associated interstitial lung disease [18].
Cardiovascular disease studies have shown intermediate mono-
cytes to also be pathogenetically relevant in atherosclerosis
[14-16] and CAD [13, 36, 37], in particular in patients with
concurrent T2DM [12]. Intermediate monocytes’ associations with
diverse inflammatory diseases highlight their therapeutic poten-
tial, though targeted elimination has shown limited success to
date. In RA, their frequencies decrease with effective anti-TNF
therapy [38]; in SLE, type | interferon blockade yields similar
reductions [39].

A Dutch study examined the 18-month effects of combined
lifestyle intervention (CLI) on monocyte subsets in obesity,
encompassing diet, exercise, and cognitive behavioral therapy
[40]. Despite modest reductions in weight (108.4 to 103.2 kg), fat
mass (49.2 to 45.4 kg), and BMI (37.4 to 35.8 kg/m?), neither total
nor subpopulation monocyte counts declined [40]. This contrasts
with the profound monocyte reductions in our study, suggesting
substantial adipose tissue loss is required to reverse obesity-driven
myelopoiesis. Notably, CLI decreased CD14, CD36, CD45, and
CD64 (classical/intermediate monocytes) and CD16 (non-classical/
intermediate) expression [40].
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Recently, it was demonstrated that very-low-calorie ketogenic
diet is able to reduce frequencies of intermediate and non-
classical monocytes to some extend [41], although the decrease
was limited and no influence on classical monocytes could be
detected.

In view of those results, the profound normalization of nearly all
monocyte subpopulations, and particularly the significant reduc-
tion of intermediate monocytes, is of special interest, and most
likely caused by the profound therapeutic efficacy of bariatric
surgery. Quantitative surface marker analysis demonstrated a
uniform reduction in CD16 surface expression across all monocyte
subsets, accompanied by an increase in CD14 expression in
classical and intermediate monocytes after six months. This
phenotypic shift indicates a reversion of intermediate monocytes
toward the less pro-inflammatory classical phenotype. Moreover,
weight loss is associated with decreased circulating pro-
inflammatory cytokines and a relative increase in anti-
inflammatory mediators such as IL-10, which is known to induce
CD14 re-expression [42].

A recent publication investigating people with obesity before
and six months after Roux-en-Y gastric bypass surgery revealed
that, while inflammatory markers and leukocyte numbers were
decreasing to levels observed in healthy lean subjects, there was
still a residual functional and transcriptional hyperinflammatory
monocyte phenotype after six months [43]. Further investigations
will have to determine whether this remaining hyperinflammatory
state diminishes over a longer follow-up or in dependence of the
cause of weight loss (different surgery methods, dietary interven-
tions, use of Glucagon-like Peptide-1 receptor agonists).

Taselaar et al. [44] showed that morbid obesity triggers
inflammaging-like shifts across adaptive (T and B cells) and innate
(NK cells) immune compartments, with elevated counts compared
to lean controls. Bariatric surgery largely normalized these
lymphocyte and NK cell subsets by 12-18 months postoperatively,
though some declined below control levels; similarly, elevated
classical and intermediate monocyte subsets (but not non-
classical) normalized by twelve months.

The marked reduction of M-MDSCs after bariatric surgery in our
cohort is noteworthy. This monocytic population, typically
expanded under chronic inflammation, suppresses innate and
adaptive immunity [45]. In cancer, M-MDSCs accumulate in the
tumour microenvironment, where they inhibit T and NK cell
activity and promote resistance to antitumour therapies [46]. Their
immunosuppressive effects are mediated by nitric oxide, IL-10,
and immune checkpoints such as PD-L1 [46]. In obesity, M-MDSC
expansion [31] may counteract pro-inflammatory monocytes and
could contribute to the elevated cancer risk [47-49], though
protective metabolic effects have also been described [50]. The
postoperative decline in M-MDSCs observed here may therefore
reduce cancer risk. Moreover, M-MDSC levels correlated with BMI
and body fat at baseline, and most strongly with CRP six months
post-surgery.

Frequencies of CD14""9"/CD56* monocytes did not change
significantly after bariatric surgery. This pro-inflammatory mono-
cyte subpopulation was found to be expanded in Crohn’s disease,
rheumatoid arthritis and immunosenescence [29, 51, 52], and to
be hyperinflammatory and strongly increased in severe COVID-19
cases [53]. We demonstrated previously that individuals with
obesity have an increased proportion of CD14°"9"/CD56"
monocytes [31]. The absence of a significant decrease after
bariatric surgery may reflect persistent inflammatory activity, an
insufficient follow-up period, or the impact of patient loss during
follow-up.

Following bariatric surgery, numbers of non-classical monocytes
also significantly decreased within six months and remained on
that lower level after twelve months. Remarkably, non-classical
monocytes showed a strong relationship to CRP levels six and
twelve months after the intervention. Although non-classical
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monocytes are primarily involved in the resolution of inflamma-
tion, they have also been linked to progression of chronic
autoimmune and inflammatory diseases [54]. They are also known
to accumulate in the elderly, reflecting senescent cells that are
involved in inflammaging [55]. In obesity, non-classical monocytes
were reported to be expanded before [56-59]. High-intensity
interval training in adults with obesity over an 8-week period
resulted in restoration of the CD16" monocyte balance by
reducing the non-classical monocytes [60]. Similarly, our study
also showed that non-classical monocytes, despite their apparent
contribution to monocytosis in obesity, seem to be successfully
normalized after bariatric surgery.

Notably, we did not find increased numbers of non-classical
monocytes in obesity compared to lean controls before. We did
see increased non-classical monocytes in obesity and coincidental
T2DM though [31]. Insulin resistance in obesity is the combined
consequence of altered functions of insulin target cells and the
accumulation of macrophages secreting pro-inflammatory med-
iators [2]. Half the patients (49.5%) that participated in this study
had a diagnosed T2DM, further 9.9% had a known impaired
glucose tolerance. This proportion of patients is comparable to our
previous investigation [31]. Although this might not explain our
finding of increased numbers of non-classical monocytes in
obesity and their decrease after bariatric surgery, numbers of
non-classical monocytes were particularly high in patients with
T2DM at baseline. This in turn suggests a contribution of non-
classical monocytes in the inflammatory condition that
encourages the development of an insulin resistance and
ultimately T2DM.

Study limitations

The primary limitation of this study is its single-centre design.
Additionally, a substantial proportion of participants were lost
to follow-up, particularly at the 6-month post-bariatric surgery
assessment. Notwithstanding these constraints, the consistent
results offer meaningful insights into obesity-associated immu-
nological alterations. Furthermore, COVID-19 pandemic-related
factors like lockdowns and vaccinations may confound mono-
cyte subpopulation changes post-bariatric surgery, as lock-
downs enhanced monocyte-derived cytokine production and
innate immune responsiveness, while vaccinations dampened
it. These effects in people living with HIV and healthy cohorts
highlight the need to stratify future studies by pandemic
exposure [61].

CONCLUSIONS

Most importantly, we were able to demonstrate that both, the
monocytosis as well as the perturbation of the monocyte
compartment in individuals with obesity can be successfully
reversed by bariatric surgery and the subsequent weight loss. This
conclusion is of tremendous importance since reversing these
changes not only reduces the number of monocytes with an
inflammatory phenotype such as intermediate monocytes, but
also immunosuppressive monocytes that might contribute to the
increased rate of malignancies in obesity.

Following this normalization, the chronic inflammatory condi-
tion in people with obesity might be attenuated or even
eliminated. Furthermore, the increased cancer risk associated
with obesity could be reduced.

DATA AVAILABILITY
The data underlying this article will be shared on reasonable request to the
corresponding author.

SPRINGER NATURE



M. Krasselt et al.

REFERENCES

1.

20.

21.

22.

23.

24,

Bluher M. An overview of obesity-related complications: The epidemiological
evidence linking body weight and other markers of obesity to adverse health
outcomes. Diabetes Obes Metab. 2025;27:3-19.

. Olefsky JM, Glass CK. Macrophages, inflammation, and insulin resistance. Annu

Rev Physiol. 2010;72:219-46.

. Rheinheimer J, de Souza BM, Cardoso NS, Bauer AC, Crispim D. Current role of the

NLRP3 inflammasome on obesity and insulin resistance: A systematic review.
Metabolism. 2017;74:1-9.

. Haase J, Weyer U, Immig K, Kloting N, Bluher M, Eilers J, et al. Local proliferation of

macrophages in adipose tissue during obesity-induced inflammation. Diabeto-
logia. 2014;57:562-71.

. Oh DY, Morinaga H, Talukdar S, Bae EJ, Olefsky JM. Increased macrophage

migration into adipose tissue in obese mice. Diabetes. 2012;61:346-54.

. Wouters K, Gaens K, Bijnen M, Verboven K, Jocken J, Wetzels S, et al. Circulating

classical monocytes are associated with CD11c(+) macrophages in human visc-
eral adipose tissue. Sci Rep. 2017;7:42665.

. Devevre EF, Renovato-Martins M, Clement K, Sautes-Fridman C, Cremer |, Poitou

C. Profiling of the three circulating monocyte subpopulations in human obesity. J
Immunol. 2015;194:3917-23.

. Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR. Increased inflammatory prop-

erties of adipose tissue macrophages recruited during diet-induced obesity.
Diabetes. 2007;56:16-23.

. Vuong J, Qiu Y, La M, Clarke G, Swinkels DW, Cembrowski G. Reference intervals

of complete blood count constituents are highly correlated to waist cir-
cumference: should obese patients have their own “normal values? Am J
Hematol. 2014;89:671-7.

. Thrum S, Sommer M, Raulien N, Gericke M, Massier L, Kovacs P, et al. Macro-

phages in obesity are characterised by increased IL-1beta response to calcium-
sensing receptor signals. Int J Obes (Lond). 2022;46:1883-91.

. Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, et al. Nomen-

clature of monocytes and dendritic cells in blood. Blood. 2010;116:274-80.

. Kologrivova IV, Suslova TE, Koshelskaya OA, Kravchenko ES, Kharitonova OA,

Romanova EA, et al. Intermediate Monocytes and Circulating Endothelial Cells:
Interplay with Severity of Atherosclerosis in Patients with Coronary Artery Disease
and Type 2 Diabetes Mellitus. Biomedicines. 2023;11.

. Nikiforov NG, Chegodaev YS, Verkhova SS, Pudova EA, Popov MA, Tvorogova AV,

et al. Impaired LPS Tolerance in Monocytes of Coronary Atherosclerosis Patients
Is Associated with the Intermediate Subset. J Leukoc Biol. 2025.

. Wildgruber M, Aschenbrenner T, Wendorff H, Czubba M, Glinzer A, Haller B, et al.

The “Intermediate” CD14(++)CD16(+) monocyte subset increases in severe per-
ipheral artery disease in humans. Sci Rep. 2016;6:39483.

. Afanasieva O, Filatova AY, Arefieva Tl, Klesareva EA, Tyurina AV, Radyukhina NV,

et al. The Association of Lipoprotein(a) and Circulating Monocyte Subsets with
Severe Coronary Atherosclerosis. J Cardiovasc Dev Dis. 2021;8.

. Genkel V, Dolgushin |, Savochkina A, Nikushkina K, Baturina |, Minasova A, et al.

Innate and Adaptive Immunity-Related Markers as Predictors of the Short-Term
Progression of Subclinical Atherosclerosis in Middle-Aged Patients. Int J Mol Sci.
2023;24.

. Smargianaki S, Elmer E, Lilliebladh S, Ohlsson S, Pettersson A, Hellmark T, et al.

Disease Activity and Tendency to Relapse in ANCA-Associated Vasculitis Are
Reflected in Neutrophil and Intermediate Monocyte Frequencies. J Immunol Res.
2024;2024:6648265.

. Poole JA, Cole KE, Thiele GM, Talmadge JE, England BR, Nelson AJ, et al.

Expansion of distinct peripheral blood myeloid cell subpopulations in patients
with rheumatoid arthritis-associated interstitial lung disease. Int Immuno-
pharmacol. 2024;127:111330.

. Maller J, Morgan T, Morita M, McCarthy F, Jung Y, Svensson KJ, et al. Extracellular

vesicles in systemic juvenile idiopathic arthritis. J Leukoc Biol. 2023;114:387-403.
Yin Q, Song D, Chen J, Ning G, Wang W, Wang S. The CD14(++)CD16(+) monocyte
subset is expanded and controls Th1 cell development in Graves' disease. Clin
Immunol. 2022;245:109160.

Gazzito Del Padre TC, Belem J, de Aguiar MF, Torquato HFV, Paredes-Gamero EJ,
Abdulahad WH, et al. Distribution of monocytes subpopulations in the peripheral
blood from patients with Behcet’s disease - Impact of disease status and col-
chicine use. Clin Immunol. 2021;231:108854.

de Aguiar MF, Torquato H, Salu BR, Oliveira ACD, Oliva MLV, Paredes-Gamero EJ,
et al. Monocyte subsets and monocyte-related chemokines in Takayasu arteritis.
Sci Rep. 2023;13:2092.

Jia J, Wang M, Ma Y, Meng J, Zhu D, Chen X, et al. Neutrophil extracellular trap-
induced intermediate monocytes trigger macrophage activation syndrome in
adult-onset Still's disease. BMC Med. 2023;21:507.

Lisowska KA, Ciesielska-Figlon K, Komorniczak M, Bullo-Piontecka B, Debska-
Slizien A, Wardowska A. Peripheral Blood Mononuclear Cells and Serum Cyto-
kines in Patients with Lupus Nephritis after COVID-19. Int J Mol Sci. 2024;25.

SPRINGER NATURE

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Garg S, McCoy SS, Hartel I, Muhistock A, Raval AN, Bartels C. Intermediate
monocytes in blood correlate with subclinical vascular changes in lupus nephritis.
Lupus Sci Med. 2025;12.

Oehadian A, Ghozali M, Kusuma S, Mersiana L, Ghassani NG, Fransisca F, et al.
Peripheral Classic and Intermediate Monocyte Subsets as Immune Biomarkers of
Systemic Lupus Erythematosus Disease Activity. Acta Med Indones. 2024;56:469-75.
Rodriguez IJ, Parra-Lopez CA. Markers of immunosenescence in CMV seropositive
healthy elderly adults. Front Aging. 2024;5:1436346.

Reitsema RD, Kumawat AK, Hesselink BC, van Baarle D, van Sleen Y. Effects of
ageing and frailty on circulating monocyte and dendritic cell subsets. NPJ Aging.
2024;10:17.

Krasselt M, Baerwald C, Wagner U, Rossol M. CD56+ monocytes have a dysre-
gulated cytokine response to lipopolysaccharide and accumulate in rheumatoid
arthritis and immunosenescence. Arthritis Res Ther. 2013;15:R139.

Patel AA, Zhang Y, Fullerton JN, Boelen L, Rongvaux A, Maini AA, et al. The fate
and lifespan of human monocyte subsets in steady state and systemic inflam-
mation. J Exp Med. 2017;214:1913-23.

Friedrich K, Sommer M, Strobel S, Thrum S, Bluher M, Wagner U, et al. Pertur-
bation of the Monocyte Compartment in Human Obesity. Front Immunol.
2019;10:1874.

Courcoulas AP, Gallagher JW, Neiberg RH, Eagleton EB, DeLany JP, Lang W, et al.
Bariatric Surgery vs Lifestyle Intervention for Diabetes Treatment: 5-Year Out-
comes From a Randomized Trial. J Clin Endocrinol Metab. 2020;105:866-76.
Millan J, Pinto X, Munoz A, Zuniga M, Rubies-Prat J, Pallardo LF, et al. Lipoprotein
ratios: Physiological significance and clinical usefulness in cardiovascular pre-
vention. Vasc Health Risk Manag. 2009;5:757-65.

Iwamoto S, Iwai S, Tsujiyama K, Kurahashi C, Takeshita K, Naoe M, et al. TNF-alpha
drives human CD14+ monocytes to differentiate into CD70+ dendritic cells
evoking Th1 and Th17 responses. J Immunol. 2007;179:1449-57.

Delneste Y, Charbonnier P, Herbault N, Magistrelli G, Caron G, Bonnefoy JY, et al.
Interferon-gamma switches monocyte differentiation from dendritic cells to
macrophages. Blood. 2003;101:143-50.

Dregoesc MI, Tigu AB, Bekkering S, van der Heijden C, Rodwell L, Bolboaca SD,
et al. Intermediate monocytes are associated with the first major adverse cardi-
ovascular event in patients with stable coronary artery disease. Int J Cardiol.
2024;400:131780.

Kessler EL, Dal Canto E, Diez-Benavente E, van Ommen AM, Kapteijn D, Glade MC,
et al. Non-classical monocytes are associated with functional markers of left
ventricular diastolic dysfunction and heart failure with preserved ejection frac-
tion. Int J Cardiol. 2025;429:133161.

Gertel S, Rokach M, Polachek A, Litinsky I, Anouk M, Elkayam O, et al. Anti-
inflammatory effects of infliximab and methotrexate on peripheral blood and
synovial fluid mononuclear cells: ex vivo study. Scand J Rheumatol.
2024;53:188-98.

Carter LM, Wigston Z, Laws P, Vital EM. Rapid efficacy of anifrolumab across
multiple subtypes of recalcitrant cutaneous lupus erythematosus parallels
changes in discrete subsets of blood transcriptomic and cellular biomarkers. Br J
Dermatol. 2023;189:210-8.

van der Valk ES, Mulder DS, Kouwenhoven T, Nagtzaam NMA, van Rossum EFC,
Dik WA, et al. Monocyte adaptations in patients with obesity during a 1.5 year
lifestyle intervention. Front Immunol. 2022;13:1022361.

Curreli M, Recalchi S, Masi D, Rossetti R, Ernesti |, Camaiani E, et al. The Impact of a
Very-Low-Calorie Ketogenic Diet on Monocyte Subsets of Patients with Obesity: A
Pilot Study. Nutrients. 2025;17.

Krakow S, Crescimone ML, Bartels C, Wiegering V, Eyrich M, Schlegel PG, et al. Re-
expression of CD14 in Response to a Combined IL-10/TLR Stimulus Defines
Monocyte-Derived Cells With an Immunoregulatory Phenotype. Front Immunol.
2019;10:1484.

van Tuijl J, Vreeken D, Broeders W, Cossins B, van Emst L, Seidel F, et al. The long-
term effect of metabolic bariatric surgery on innate immune cell phenotype and
function. Int J Obes (Lond). 2025;49:2473-83.

Taselaar AE, Wijngaarden LH, Klaassen RA, van der Harst E, Dunkelgrun M, Kuijper
TM, et al. Bariatric surgery reverses morbid obesity-induced changes in the
composition of circulating immune cells-a prospective cohort study. Surg Obes
Relat Dis. 2025;21:806-18.

Glover A, Zhang Z, Shannon-Lowe C. Deciphering the roles of myeloid derived
suppressor cells in viral oncogenesis. Front Immunol. 2023;14:1161848.

Lasser SA, Ozbay Kurt FG, Arkhypov |, Utikal J, Umansky V. Myeloid-derived
suppressor cells in cancer and cancer therapy. Nat Rev Clin Oncol.
2024;21:147-64.

Pati S, Irfan W, Jameel A, Ahmed S, Shahid RK. Obesity and Cancer: A Current
Overview of Epidemiology, Pathogenesis, Outcomes, and Management. Cancers
(Basel). 2023;15.

Jimenez-Cortegana C, Gutierrez-Garcia C, Sanchez-Jimenez F, Vilarino-Garcia T,
Flores-Campos R, Perez-Perez A, et al. Impact of obesity-associated

International Journal of Obesity



myeloid-derived suppressor cells on cancer risk and progression (Review). Int J
Oncol. 2024;65.

49. Ostrand-Rosenberg S. Myeloid derived-suppressor cells: their role in cancer and
obesity. Curr Opin Immunol. 2018;51:68-75.

50. Clements VK, Long T, Long R, Figley C, Smith DMC, Ostrand-Rosenberg S.
Frontline Science: High fat diet and leptin promote tumor progression by indu-
cing myeloid-derived suppressor cells. J Leukoc Biol. 2018;103:395-407.

51. Grip O, Bredberg A, Lindgren S, Henriksson G. Increased subpopulations of
CD16(+) and CD56(+) blood monocytes in patients with active Crohn’s disease.
Inflamm Bowel Dis. 2007;13:566-72.

52. Sconocchia G, Keyvanfar K, El Ouriaghli F, Grube M, Rezvani K, Fujiwara H, et al.
Phenotype and function of a CD56+ peripheral blood monocyte. Leukemia.
2005;19:69-76.

53. Campana S, De Pasquale C, Sidoti Migliore G, Pezzino G, Cavaliere R, Venanzi
Rullo E, et al. Cutting Edge: Hyperinflammatory Monocytes Expressing CD56
Abound in Severe COVID-19 Patients. J Immunol. 2022;209:655-9.

54. Narasimhan PB, Marcovecchio P, Hamers AAJ, Hedrick CC. Nonclassical Mono-
cytes in Health and Disease. Annu Rev Immunol. 2019;37:439-56.

55. Ong SM, Hadadi E, Dang TM, Yeap WH, Tan CT, Ng TP, et al. The pro-inflammatory
phenotype of the human non-classical monocyte subset is attributed to senes-
cence. Cell Death Dis. 2018;9:266.

56. Mattos RT, Medeiros NI, Menezes CA, Fares RC, Franco EP, Dutra WO, et al.
Chronic Low-Grade Inflammation in Childhood Obesity Is Associated with
Decreased IL-10 Expression by Monocyte Subsets. PLoS One. 2016;11:€0168610.

57. Poitou C, Dalmas E, Renovato M, Benhamo V, Hajduch F, Abdennour M, et al.
CD14dimCD16+ and CD14+CD16+ monocytes in obesity and during weight loss:
relationships with fat mass and subclinical atherosclerosis. Arterioscler Thromb
Vasc Biol. 2011;31:2322-30.

58. Rogacev KS, Ulrich C, Blomer L, Hornof F, Oster K, Ziegelin M, et al. Monocyte
heterogeneity in obesity and subclinical atherosclerosis. Eur Heart J.
2010;31:369-76.

59. Figueroa-Vega N, Marin-Aragon Cl, Lopez-Aguilar |, Ibarra-Reynoso L, Perez-Luque
E, Malacara JM. Analysis of the percentages of monocyte subsets and ILC2s, their
relationships with metabolic variables and response to hypocaloric restriction in
obesity. PLoS One. 2020;15:0228637.

60. de Matos MA, Garcia BCC, Vieira DV, de Oliveira MFA, Costa KB, Aguiar PF, et al.
High-intensity interval training reduces monocyte activation in obese adults.
Brain Behav Immun. 2019;80:818-24.

61. Otten T, Jiang X, Gupta MK, Vadaq N, Cleophas-Jacobs M, Dos Santos JC, et al.
Impact of COVID-19, lockdowns and vaccination on immune responses in a HIV
cohort in the Netherlands. Front Immunol. 2024;15:1459593.

AUTHOR CONTRIBUTIONS

M.K. statistical analysis, data interpretation, figures, and manuscript drafting. K.F.:
data collection, statistical analysis, and contribution to manuscript preparation. L.B.:
statistical analysis, data interpretation, and figures. KR. data collection and
interpretation. M.B.: data collection and contribution to manuscript preparation.
P.K.: contribution to manuscript preparation. A.D.. surgery, data collection, and
contribution to manuscript preparation. M.R.: data interpretation and contribution to
manuscript preparation. M.S.: contribution to manuscript preparation. UW.:
conceptualization and contribution to manuscript preparation. All authors read the
final version of the manuscript and agreed to publication.

International Journal of Obesity

M. Krasselt et al.

FUNDING

This work was supported by the Federal Ministry of Education and Research (BMBF),
Germany, FKZ: 01EO1001 (IFB AdiposityDiseases). It was also funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) under Germany’s
Excellence Strategy — EXC-3105/1 - 533765739. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the
manuscript. Open Access funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS

MB received honoraria as a consultant and speaker from Abbott, Amgen, AstraZeneca,
Bayer, Boehringer-Ingelheim, Daiichi-Sankyo, Eli Lilly, Novo Nordisk, and Sanofi. All
other authors declare no conflicts of interest related to this manuscript.

ETHICAL APPROVAL

All procedures performed in this survey were in accordance with the ethical standards
of the institutional and/or national research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards. Data obtained
in this study did not interfere with the course of treatment for patients included.

INFORMED CONSENT

Informed consent was obtained from all individual participants included in the study.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541366-026-02093-4.

Correspondence and requests for materials should be addressed to Marco Krasselt.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

SPRINGER NATURE


https://doi.org/10.1038/s41366-026-02093-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Bariatric surgery and subsequent weight loss lead to a reversal of peripheral blood monocytosis in obesity
	Introduction
	Methods and study design
	Study participants
	Materials
	PBMC Isolation
	Flow cytometry
	Biostatistical analysis

	Results
	Study population
	Monocyte counts are linked to anthropometric measures and laboratory markers
	Bariatric surgery reverses obesity-related pathological changes in the monocyte compartment
	Quantitative expression analysis of surface markers

	Discussion
	Study limitations

	Conclusions
	References
	Author contributions
	Funding
	Competing interests
	Ethical approval
	Informed consent
	ADDITIONAL INFORMATION




