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Abstract

Background Obesity is associated with chronic low-grade inflammation, which is underpinned by the presence

of elevated levels of circulating proinflammatory cytokines in obese individuals. Due to the close relationship
between adipose tissue and the immune system, it can be speculated that the accumulation of fat may influence
the frequency and phenotype of lymphocyte populations. The aim of our study was to investigate whether body fat
distribution is associated with B lymphocyte composition in peripheral blood. We examined the association between
visceral (VAT) and total body fat (TBF) and the frequencies of B-cell subsets in 238 subjects over a period of up to one
year using random intercept models. B lymphocyte subsets were determined by fluorescence-based flow cytometry.

Results Inverse associations were found between body fat measurements and plasma blasts, memory B cells, and
IgM~IgD™ cells. VAT, but not TBF, was positively associated with naive CD19 cells. In our analyses, both VAT and TBF
showed positive associations with IgD only B cells.

Conclusions In conclusion, body fat accumulation seems to be associated with a lower proportion of antibody-

secreting plasma blasts and memory cells and an increasing amount of partially anergic, naive CD19 cells.
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Background

Obesity is commonly characterized by excess accumula-
tion of body fat and associated chronic low-grade inflam-
mation. This inflammatory state is reflected in increased
circulating levels of pro-inflammatory proteins. There
are several connections between adipose tissue and the
immune system, and it is postulated that chronic inflam-
mation appears to influence the activation of immune
cells [1, 2]. Special emphasis has been placed on the role
of visceral adipose tissue (VAT) as an endocrine organ
heavily influencing host metabolism [3, 4]. It places
affected individuals at significant risk for a variety of
severe diseases, including cardiovascular disease, type-2
diabetes mellitus, several cancer types, autoimmune con-
ditions, respiratory diseases, and mental health issues
[5-8].
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Immunocompetence of both the innate and adaptive
immune systems is key in eliminating pathogens and
providing long-term immunity. A special role has been
placed on B lymphocytes as key players in the humoral
immune response and the formation of immunological
memory [9, 10].

Alterations in B lymphocyte subsets have been
described in a variety of conditions, such as autoimmune
disorders, certain cancer types and primary immunode-
ficiencies but also in the context of immunosenescence
[11, 12]. Similar to what has been observed in obese sub-
jects, the reported shift in immune cell subsets places

Table 1 Baseline characteristics of study participants

Characteristic Total Non- Obese  p-value'

N=238 obese n=94
n=144

Sex: female (%) 164 (68.9) 108 (75.0) 56 (59.6) 0.015

Age in years 480(36.0; 480(350 4753368 0523
56.0) ;54.3) ; 56.8)

BMI (kg/mz) 255(22.7; 232212 358(324 <0.001
33.1) ;24.9) ;39.7)

Visceral adipose tissue 2001.2; 15(0.8; 6(2.8; <0.001

(%) 35) 2.0) 5.4)

Total body fat (%) 340(272; 297239 437368 <0.001
41.2) ;34.3) ;48.3)

Waist-to-Height Ratio 05(045; 047043 065061 <0.001
0.63) ;0.50) ;0.7)

Systolic BP (mmHG) 116 110 (102.5 1265  <0.001
(106.0; :119.6) (1155;
127.5) 135.5)

Diastolic BP (mmHG) 77 (705; 738(67.5 83(780; <0.001
85.0) ;78.5) 91.5)

Alcohol consumption? 03(.1; 03(0.1; 03(0.1; 0671
0.7) 0.7) 0.7)

Autoimmune disease 46 (19.3) 27(18.8) 19(20.2) 0.867

Allergy 110 (46.4) 69 (47.9) 41 (44.1) 0.595

Type 2 DM 10 (4.3) 5(3.5) 5(4) 0523

Cardiovascular disease 1(4.6) 5(3.5) 6 (6.4) 0351

Hypothyroidism 46 (19 9) 28(20.1) 18(19.6) 1.000

Smoking status (%):

Current smoker 34 (14.3) 13(9.0) 21(223) <0.001

Former smoker 85 (35.7) 44 (30.6) 41 (43.6)

Never smoker 119 (50.0) 87 (604) 32(34.0)

Education (%):

No professional 4(1.7) 2(14) 202.1) 0.005

education

Professional education 162 (68.1) 88(61.1) 74(78.7)

Academic education 72 (30.3) 54(37.5) 18(19.1)

Data are presented either as absolute numbers (percentages) or median
(interquartile range: Q1; Q3)

'Test of difference between groups: two-sided Fisher’s exact test for categorical
variables, Mann-Whitney U test for continuous variables

2 Alcohol consumption: alcoholic beverages per day
Obese: BMI>30; non-obese: BMI<30
Abbreviations: BMI: body mass index, BP: blood pressure, DM: diabetes mellitus
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elderly individuals at increased risk for infection and
impaired immune response [13].

Although there is considerable evidence of functional
impairment of both the innate and adaptive immune
systems in obesity, knowledge regarding the baseline
immunological profile in obese individuals is still scarce.
Existing studies have focused either predominantly on
cells of the innate immune system or on cell-mediated
immunity elicited by T cells. Less attention has been
drawn to B lymphocytes, despite being crucial in special-
ized immune responses and the establishment of pro-
found long-term immunity.

The aim of our study was to investigate the relationship
between body fat percentage and B lymphocyte subpopu-
lations in peripheral blood, taking a closer look at body
fat distribution.

Results

In total, 238 participants (69% females) were included
in the study, and 94 participants were classified as obese
based on their calculated body mass index (BMI>30 kg/
m?). The median age of the participants was 48 (36; 56)
years. In addition to expected differences in body com-
position measures, obese participants had higher blood
pressure and were more frequently current or former
smokers. Details of baseline characteristics are given in
Table 1.

Primary analysis

In the following sections, VAT and total body fat (TBF)
represent the respective fat content relative to body
weight (in %). Reported o -standardized point estimates
and 95% confidence intervals are given on the log,-scale,
and presented p-values are false discovery rate (FDR)
adjusted.

VAT was significantly positively associated with the
relative frequencies of IgD only B cells ($=0.22; 95% CI:
0.06; 0.37; p=0.029), IgD* B cells (=0.14; 95% CI: 0.04;
0.24; p=0.029) and naive B cells among total leukocytes
(B=0.18; 95% CI: 0.06; 0.29; p=0.029) (Fig. 1). A strong
negative association was found with plasma blast fre-
quency (p =-0.26; 95% CI: -0.41; -0.10; p=0.027).

TBF only yielded associations with IgD only B cells
(p=0.23; 95% CI: 0.08; 0.38; p=0.026) and plasma blast
frequencies (B = -0.25; 95% CI: -0.39; -0.11; p=0.009)
after adjusting for multiple testing. An association with
IgD* B cells was observed for VAT but not for TBE. Alto-
gether, VAT showed slightly stronger point estimates in
the majority of findings (Fig. 1). There were no further
associations between VAT or TBF and the relative fre-
quencies of B lymphocytes.

Within the sensitivity analysis, waist-to-height ratio
(WHtR) confirmed the findings for VAT by showing sim-
ilar but slightly stronger effect estimates (Supplementary
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Fig. 1 Association between visceral fat as well as total body fat and relative frequencies of B lymphocyte subsets in peripheral blood Relative frequencies
(%) were calculated on total leukocyte counts. Effect estimates were derived from linear random intercept models adjusted for age, sex, smoking, alcohol
consumption, education, study day and hypothyroidism. Estimates are presented on the log,-scale, exposure variables were g -standardized; reported
p-values are adjusted for multiple testing (FDR approach). Abbreviations: Cl: confidence interval, Ig: immunoglobulin

Fig. 1). Additionally, WHtR was positively associated with
the frequency of IgM* CD27" B cells. Analogously, the
findings for the associations between TBF and immune
cell frequencies could also be shown by using BMI as an
exposure (Supplementary Fig. 2). Further positive associ-
ations with BMI were found for naive and IgD expressing
B cells.

Secondary analysis

Analyses of immune cell frequencies relative to lympho-
cyte count of the respective gate showed that within the
CD19* gate, VAT and TBF were positively related to fre-
quencies of both IgD only and IgD* cells (Fig. 2). On the
other hand, strong negative associations were observed
between these body composition measures and memory
B cells. VAT, but not TBE, was further associated with
naive B cells in the gated analysis (Fig. 2).

Within the IgM IgD™ gate, both VAT and TBF showed
strong negative associations with plasma blast frequen-
cies. Throughout the analyses, VAT and TBF presented
very similar effect estimates. The only exception was
found for the frequency of transitional B cells among
IgM*CD27" cells. In this case, we observed effect esti-
mates in opposite directions for VAT and TBF, although
none of them was significant at an « -level of 0.05 (Fig. 2).

The WHtR-based results mainly supported the associa-
tions found for VAT (Supplementary Fig. 3). Again, the
observed p-values were similar or stronger for WHtR

than for VAT. While the adjusted -estimate of WHtR
on the relative frequency of IgD only B cells was not as
strong as that observed for VAT, an additional positive
association was found for CD19* cells among the total
lymphocyte count. The directions of the associations
were inconsistent in the case of non-significant relation-
ships with transitional B cells. The results for BMI were
in line with those for TBF but with additional associa-
tions regarding naive B and total CD19"* cells (Supple-
mentary Fig. 4).

Discussion

In this analysis based on data from the MeGA study, we
showed that both VAT and TBF are associated with the
frequency of specific B cell subpopulations in peripheral
blood. We found significant associations between body
fat percentage and naive B lymphocytes (VAT), IgD-
expressing B cells (VAT), the frequency of plasma blasts
(VAT, TBF), and the relative frequencies of IgD only B
cells (VAT, TBF) among total leukocyte counts.

Our findings are partially in line with previous research
on this topic, but there are also some diverging results
reported in prior studies. Wijngaarden et al., for exam-
ple, compared the absolute and relative frequencies of
immune cell subsets between morbidly obese people with
and without metabolic syndrome (n=117 and n=127,
respectively) and lean controls and found a significant
increase in plasma blasts among morbidly obese subjects.
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Fig. 2 Association between visceral fat as well as total body fat and relative frequencies of B lymphocyte subsets (gated). Relative frequencies (%) were
calculated on the number of cells identified within the corresponding gate (lymphocytes, CD19+, IgM+, IgM-IgD-, IgM + CD27-, respectively). Effect esti-
mates were derived from linear random intercept models adjusted for age, sex, smoking, alcohol consumption, education, study day and hypothyroid-
ism. Visceral and total body fat were used as percentages of total body weight and were g -standardized. Estimates are presented on the log,-scale, and
reported p-values are adjusted for multiple testing (FDR approach). Abbreviations: Cl: confidence interval, Ig: immunoglobulin, Ly: lymphocytes

Contrary to these results, our findings clearly suggest an
inverse association between body fat, WHtR and BMI,
and plasma blast frequency. Of note, Wijngaarden et al.
observed this increase only in absolute cell counts, and
the effect diminished when relative frequencies were
considered [14]. Significant deviations from our find-
ings could be due not only to the presence of metabolic
syndrome in a substantial proportion of subjects but also
to differences in the selection of participants. Whereas
subjects with significant medical conditions were
excluded from our study to draw inferences on the gen-
eral, healthy population, Wijngaarden et al. did not apply
exclusion criteria regarding comorbidities and medica-
tion use. Last, due to the purely cross-sectional nature
of their study (no repeated measurements), findings may
be more susceptible to obscure underlying infections or
short-term challenges to the immune system that would
amplify the generation of antibody-secreting plasma
blasts and might explain discrepancies with our findings.

In contrast, our findings strongly support the obser-
vations made by Garner-Spitzer et al., who investigated
B lymphocyte frequencies and antibody titers among
obese subjects and lean controls in the context of tick-
born encephalitis vaccine booster [15]. They determined
B cell subsets prior to vaccination and one week, four
weeks and six months after vaccination. They reported
lower frequencies of memory B cells and plasma blasts

but an expansion of naive B cells in obese participants
prior to vaccination, which corresponds to our findings.
The present study confirmed the inverse association
between body fat accumulation and antibody-secreting
plasma blasts and memory B cells. It should be noted
that humoral memory relies on continuous secretion of
antibodies, which is provided to a substantial extent by
long-living plasma cells residing in the bone marrow [16,
17]. The concentration of plasma blasts in peripheral
blood may therefore not sufficiently reflect the functional
immune status of an individual.

Recently, Frasca et al. demonstrated that CD27- IgD- B
cells were detected significantly more frequently in the
plasma of obese subjects than in lean subjects [18]. This
cell subset is highly proinflammatory, and it was demon-
strated that it is characterized by a higher expression of
immune activation markers and of the transcription fac-
tor T-bet. Interestingly, T-bet™ B cells and their antibod-
ies are associated with autoimmunity [18]. These cells
accumulate in the adipose tissue of obese humans and
mice, and their frequency correlates with the increase in
obesity [2]. Furthermore, they drive inflammation and
exacerbate metabolic disorders during obesity [2]. In our
study, no significant associations between body fat and
CD27- IgD- B were found. The reasons for these differ-
ent results are highly speculative. Further research on the
origin and function of this cell subset is needed to better
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understand the role of these B cells in healthy individuals
and certain diseases [19].

To our knowledge, the present study is the first to
report a positive association between body fat and mem-
brane-bound immunoglobulin D, particularly for B cells
expressing IgD in the absence of IgM (IgD only B cells).
The role of membrane-bound IgD is still discussed in the
literature, and explicit functions have only recently begun
to be uncovered [20]. Whether and if so, what role can be
attributed to IgD only B cells in this context is not clear
and requires further study.

Furthermore, we found an inverse association between
body fat and IgM IgD™~ frequencies among CD19" cells.
Our results are partially in line with the findings from
Frasca et al, who reported decreased frequencies of
class-switched memory B cells among obese subjects
[21]. Despite consistent point estimate direction, we
could not observe an association between VAT or TBF
and class-switched memory B cells in our sample. How-
ever, by including cells that are class-switched indepen-
dent of CD27 and the expression level of CD38, based on
estimations that up to 21% of IgG and IgA cells in periph-
eral blood lack expression of CD27 [17], the inverse asso-
ciation became evident in our analyses for all exposure
variables. In the present sample, the association between
body fat and relative frequencies of IgM IgD™ B cells
was much stronger for CD19" cells than for total leu-
kocytes. Changing the reference population thus could
lead to a relativization of the observed association, as we
also observed a trend toward higher frequencies of total
CD19* cells with increasing body fat.

Strengths and Limitations

By determining body fat percentages using bioelectrical
impedance analysis, we were able to obtain more accurate
insights into body composition and actual body fat distri-
bution than by using standard anthropometric measures
alone. The application of mixed-effects models allowed
us to incorporate up to four measurements per subject,
thus averaging over observed immune cell frequencies,
ultimately resulting in a well-powered longitudinal study.
The comparatively large sample size, combined with a
relatively low dropout rate, reduces selection bias.

One of the main limitations of our study is that an
interpretation of the results is difficult without under-
standing one of the biological and/or immunological and/
or pathophysiological function of those B cell subsets in
obesity. Also, quantitative comparability of our findings
with other studies must be taken with caution, since we
determined antibody concentration by titration and did
not use standardized preformulated antibody solutions
as utilized in diagnostics, which might have influenced
the number of detected cells and subsequently derived
immune cell frequencies.
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Furthermore, the data obtained in the present study are
based on gating of the B cell population using the CD19
protein. This protein may also be expressed by other lym-
phocytes in circulation, such as natural killer cells (NK
cells) [22]. NK cells have traditionally been classified as
cells of the innate immune system. Recently, however,
there is evidence of unexpected adaptive behavior and
function of NK cells [23]. CD19, which belongs to the
immunoglobulin superfamily, is generally considered a
specific antigen of the B-cell lineage with high specific-
ity, and it is not expected to be expressed by NK cells.
However, previous studies have reported that normal
NK cell subsets may occasionally show apparent expres-
sion of CD19 by flow cytometric measurements. The rare
occurrence of this phenomenon raises the possibility that
it may be misinterpreted as an abnormal population [24].
Taking into account that CD19+NK cells could repre-
sent a significant percentage of the lymphocyte popula-
tion, potential masking of low levels of B lymphocytes or
over-quantification of the B cell subset may occur by con-
sidering CD19+NK cells as true B cells [22]. Therefore,
when interpreting the results of this study, it should not
be ignored that a significant source of CD19+cells may
actually be NK cells. Additionally, it cannot be excluded
that the changes in the B cell pool may stem from other
physiological alterations that may or may not be depen-
dent on body fat mass, e.g., endocrine, nervous, or
immune system alterations [25, 26]. Additionally, no iso-
type controls were available, and therefore, we could not
distinguish between “low” and “negative” cells. Last, we
have investigated the association between body fat and
circulating B lymphocyte subsets, thus only providing an
excerpt of the immunological profile of an individual.

Conclusions

In conclusion, body fat, in particular VAT, appears to be
associated with the relative abundance of B cell subpopu-
lations in peripheral blood. Given the rising number of
people living with excess body fat and obesity, it is key to
fully understand the immunological profile of this popu-
lation. Therefore, further research in this field is needed
to better understand the interplay between immune cells
and host metabolism and to investigate the molecular
mechanisms of immune function in obesity.

Methods

Study design and population

Data from the observational study “Metabolic health and
immune status in young obese subjects — Metabolische
Gesundheit Augsburg” (MeGA) were used for the analy-
ses. The single-center, population-based cohort study was
prospectively conducted at the Chair of Epidemiology
of the University of Augsburg in Germany and primar-
ily aimed at investigating differences in immune status
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between obese subjects (BMI > 30 kg/m?®) and normal
weight individuals (BMI preferably < 25 kg/m?). Par-
ticipants (volunteers) were prospectively followed up for
up to 12 months and underwent extensive examination
and biosample collection at 3—4 study visits (baseline, 6
months, 9 months) during that period. A further study
visit (28 days after vaccination) was thereby scheduled
exclusively for subjects who received influenza vaccina-
tion by their treating physician. Recruitment took place
between October 2018 and February 2021.

Participants were included in the study when they were
at least 18 years old and gave written informed consent.
Exclusion criteria comprised the use of corticosteroids or
antibiotics three months prior to baseline examination,
current use of immunosuppressive medicine, history of
significant illness, and acute febrile illness. In total, 238
subjects were enrolled, of whom 202 completed the final
follow-up, resulting in a dropout rate of 15.1% (Supple-
mentary Fig. 5).

Measures

Data collection included face-to-face interviews, anthro-
pometric measurements, blood pressure measurements
and blood sample collection in a fasting state (overnight
fasting). Information on comorbidities, current use of
medication, education, and health-related behaviors
(e.g., smoking status, alcohol consumption) was obtained
during interviews. Based on the anthropometric mea-
surements comprising weight, height, waist- and hip
circumference, we calculated BMI and WHtR. VAT and
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TBF were assessed via bioelectrical impedance analy-
sis using a SECA mBCA (medical Body Composition
Analyzer) 515 device. This device is designed for medi-
cal use, has been validated against Dual Energy X-Ray
Absorptiometry, and its high accuracy in measuring fat
content in different compartments has been proven in
previous studies [27-29]. All examinations were carried
out by trained study nurses in accordance with previously
defined standard operating procedures.

Flow cytometry

B lymphocyte subsets (including naive B cells, transi-
tional B cells, marginal zone B cells, memory B cells,
plasma blasts and membrane-bound immunoglobulins
IgM, IgD) were determined in fresh EDTA-blood using
fluorescence-based flow cytometry (Cytoflex LX flow
cytometer, 6 lasers, Fa. Beckman Coulter). All cell types
assessed, their input gates, and the frequency of their
occurrence are listed in Table 2.

After lysis of erythrocytes with VersaLyse Lysing Solu-
tion from Fa. Beckman Coulter, leukocytes were isolated
in several washing steps. Prior to antibody staining, leu-
kocytes were treated with an FC receptor block (Fa.
Miltenyi Biotec) to avoid non-specific antibody binding.
Staining was performed with fluorescence-labeled liquid
anti-human antibodies (anti-CD19 PerCP-Cy5.5, anti-
CD21 PE, anti-CD24 BV605, CD27 PE-Cy7, anti-CD38
APC, anti-IgM Bv421, anti-IgD BB515 (all Fa. BD Biosci-
ence). The correct antibody concentration was predeter-
mined by titration. The antibody-coupled cells were fixed

Table 2 Combinations and occurrence frequency of cell surface markers used to define B lymphocyte subpopulations

Cell type Surface markers Input gate % in ungated % in CD19 +B cells % in the input
cells gate
B cells CD19+ Lym 3.28(241;4.44) 100 (100; 100) 10.96 (8.61; 13.88)
Naive B cells CD19+CD27- 1gD+ CD19+ 1.75 (1.20; 2.59) 56.80 (45.58; 66.36) 56.80 (45.58; 66.36)
Marginal zone B cells CD19+CD27 +IgD+ CD19+ 045 (0.30; 0.68) 14.03 (9.43;20.19) 14.03 (9.43;20.19)
IgM+B cells CD19+IgM+ CD19+ 1.73(1.14; 2.50) 53.87 (42.57;64.63) 53.87 (42,57, 64.63)
IgD+B cells CD19+IgD+ CD19+ 2.32(1.66; 3.24) 7344 (64.73;79.36) 7344 (64.73;79.36)
IgM+1gD +B cells CD19+IgM+IgD+ CD19+ 1.49(0.95;2.19) 45.99 (34.44,57.89) 45.99 (34.44,57.89)
IgM only B cells CD19+IgM+I1gD- CD19+ 0.20(0.12;0.30) 5.92 (4.00; 8.70) 5.92 (4.00; 8.70)
IgD only B cells CD19+IgM- IgD+ CD19+ 0.73(0.46;1.17) 22.70(15.11;32.67) 22.70(15.11;32.67)
IgM- IgD- B cells CD19+IgM- IgD- CD19+ 0.66 (0.46; 096) 2048 (15.22; 26.79) 2048(1522 26.79)
Class-switched memory B cells CD19+IgM- IgD- IgM- IgD- 0.39(0.27; 0.58) 11.88 (8.53; 16.78) 2 (52.50;67.51)
CD27+CD38°"
Plasma blasts CD19+IgM- IgD- IgM-1gD- 0.02 (0.01;0.03) 0.54(0.31;0.97) 2.70 (1.60; 4.36)
CD27+CD38M"
Class non-switched memory B cells CD19+IgM+CD27 +CD38- IgM+ 045 (0.31;0.69) 14.19 (9.68; 20.18) 2850 (18.22;41.79)
Transitional B cells CD19+IgM+CD27- lgM+CD27- 0.13(0.07;0.24) 3.99 (2.28,6.61) 12.20 (8.20; 16.77)
CD24+CD38+
Memory B cells CD19+CD27+(CD38- CD19+ 0.97 (0.67; 1.40) 30.38 (22.05; 40.64) 30.38 (22.05; 40.64)
IgD-CD27- B cells CD19+CD27- 1gD- CD19+ 0.35(0.21;0.50) 9.37 (6.84; 12.45) 9.37 (6.84; 12.45)
IgM+CD27- B cells CD19+IgM+CD27- IgM+ 1.23(0.73; 2.00) 35.96 (23.57; 47.90) 69.26 (54.95; 79.60)

The frequency of occurrence is presented as the median and interquartile range

Note: IgD+B cells consisted of IgM+IgD+and IgM- IgD+B cells (analogous for IgM+B cells)
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using IO-Test 3 Fixative Solution from Beckman Coulter
before being analyzed by flow cytometry. Light scatter-
ing measurements were used to determine the size and
granularity of the cells, and fluorescence labeling allowed
further differentiation and quantification of immune cell
fractions based on the expression of cell surface antigens.
Single color staining was included for compensation
purposes, and an appropriate number of cells (at least
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100,000 lymphocytes) was recorded per staining. The
applied gating strategy for the identification of subpopu-
lations is presented in Fig. 3. Kaluza software (Fa. Beck-
man Coulter) was used for subsequent data analysis. For
the present study, the applied gating strategy was adopted
from a publication from Streitz et al. (ONE study), which
was available at the beginning of the MeGA study [30].
According to that study, leukocytes were classified based
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Fig. 3 Applied gating strategy. Gating strategy used for the identification of B lymphocyte subsets (flow cytometry) according to Streitz et al. All B cells

expressing IgM are colored blue and all B cells expressing IgD are colored red
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on CD45 expression versus side scatter. In all panels,
absolute numbers of subpopulations were calculated
using the CD45+leukocyte “backbone” in combination
with the whole blood count of all samples [30]. For iden-
tification of the B-cell population, mainly the CD19 pro-
tein was used. The flow cytometry measurements were
highly standardized (one laboratory, same procedure
from beginning of the study until the end, only two dif-
ferent persons carrying out the measurements who were
permanently in close contact).

Statistical analyses

Categorical and continuous baseline characteristics were
reported as percentages and medians with interquar-
tile ranges, respectively. Differences in characteristics
between non-obese (BMI « 30 kg/m®) and obese sub-
jects (BMI > 30 kg/m?*) were assessed using two-sided
Fisher’s exact test for categorical variables and two-sided
Mann-Whitney U test for continuous variables at a sig-
nificance level of 0.05.

Linear mixed models with random intercepts based
on maximum likelihood estimation were used to inves-
tigate the association between body fat percentage and
immune cell frequencies, accounting for individual-spe-
cific changes over time. As primary outcomes, we calcu-
lated relative frequencies of B lymphocyte subsets among
total leukocyte counts in percent. For secondary analysis,
percentages were calculated on the corresponding gate.
The total number of cells identified within the gate was
thereby considered as the reference, corresponding to
100%. Regarding the skewness of distributions, all out-
come variables were log,-transformed, and outliers with
more than three standard deviation differences from the
mean were excluded from the respective analysis.

We used VAT and TBF as primary exposure variables.
Both measures were calculated as percentages of total
body weight to ensure comparability across subjects
independently of body weight. In sensitivity analyses, we
used WHtR and BMI as surrogates of body fat measures
to validate the results and increase the comparability of
findings with other studies. Therefore, we compared find-
ings in VAT with WHIR and findings in TBF with BMI in
the sensitivity analyses.

Confounders included in the analyses were determined
using direct acyclic graphs based on the literature and
disjunctive cause criterion (Supplementary Fig. 6) [31].
Thus, data on age, sex, education (no professional edu-
cation, professional education, academic education),
smoking status (current smoker, former smoker, never
smoker), alcohol consumption and hypothyroidism
(presence: yes or no) were used for the analyses to adjust
for potential confounding.

Continuous variables were used as such, and body fat
percentages, WHtR and BMI were -standardized to
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enable direct comparison of effect estimates. The linearity
assumption was tested using restricted cubic splines for
continuous covariables with a covariable-specific num-
ber of knots determined in compliance with the Akaike
Information Criterion (AIC). The resulting models were
tested against the random intercept model comprising
only linear terms using the likelihood ratio test. Based
on the AIC, linearity could be assumed for all continuous
predictors. Homoscedasticity and normal distribution of
residuals were assessed graphically using residual scatter
plots (standardized residuals vs. fitted values) and Q-Q-
Plots, respectively. Continuous covariables were tested
for multicollinearity by calculating the correlation matrix
as well as the variance inflation factor.

Models were tested for significant interactions between
the primary exposure variables and each covariable using
the Wald test for the respective interaction terms. Since
loss to follow-up was considered low and no pattern in
missing observations was detected, we considered the
missing value mechanism to be missing completely at
random and subsequently performed regression analy-
ses using all available information, including that of
drop-outs.

Based on a type I error probability of 0.05, presented
p-values were adjusted for multiple testing by controlling
the false discovery rate (FDR approach). All derived effect
estimates (3, 95% Confidence Interval) can be interpreted
as the expected change in the log,-transformed outcome
associated with one standard deviation increase in the
primary exposure variable. Statistical analyses were per-
formed using R version 4.1.3 (packages (version): Ime4
(1.1-29), Matrix (1.4-0), rms (6.3-0), tidyverse (1.3.1),
MuMlIn (1.46.0), ImerTest (3.1-3), AER (1.2-9), ggplot2
(3.3.5), performance (0.9.1), dagitty (0.3-1)).

Abbreviations

AIC Akaike Information Criterion

BMI Body mass index

a Confidence interval

FDR False discovery rate

mBCA  Medical Body Composition Analyzer
NK Natural killer

TBF Total body fat

VAT Visceral adipose tissue

WHtR  Waist-to-height ratio
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tary Fig. 6: Simplified presentation of the directed acyclic graphs depicting
the relationship between obesity and circulating immune cells.
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