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Abstract
Context: Adult obesity is associated with chronic low-grade inflammation and may
give rise to future chronic disease. However, it is unclear whether adiposity-related
inflammation is already apparent in childhood.
Objective: To study associations between child adiposity measures with circulating
monocytes and naive and memory subsets in CD4, CD8, and γδ T cell lineages.
Methods: Ten-year-old children (n = 890) from the Generation R Cohort underwent dualenergy x-ray absorptiometry and magnetic resonance imaging for body composition
(body mass index [BMI], fat mass index [FMI], android-to-gynoid fat mass ratio, visceral
fat index, liver fat fraction). Blood samples were taken for detailed immunophenotyping
of leukocytes by 11-color flow cytometry.
Results: Several statistically significant associations were observed. A 1-SD increase in
total FMI was associated with +8.4% (95% CI 2.0, 15.2) Vδ2+Vγ9+ and +7.4% (95% CI 2.4,
12.5) CD8+TEMRO cell numbers. A 1-SD increase in visceral fat index was associated with
+10.7% (95% CI 3.3, 18.7) Vδ2+Vγ9+ and +8.3% (95% CI 2.6, 14.4) CD8+TEMRO cell numbers.
ISSN Print 0021-972X ISSN Online 1945-7197
Printed in USA
© The Author(s) 2021. Published by Oxford University Press on behalf of the Endocrine Society. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com

https://academic.oup.com/jcem   e3923

Downloaded from https://academic.oup.com/jcem/article/106/10/e3923/6299303 by guest on 10 November 2021

Childhood Adiposity Associated With Expanded
Effector Memory CD8+ and Vδ2+Vγ9+ T Cells
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Higher android-to-gynoid fat mass ratio was only associated with higher Vδ2+Vγ9+ T cells.
Liver fat was associated with higher CD8+TEMRO cells but not with Vδ2+Vγ9+ T cells. Only
liver fat was associated with lower Th17 cell numbers: a 1-SD increase was associated
with −8.9% (95% CI −13.7, −3.7) Th17 cells. No associations for total CD8+, CD4+ T cells, or
monocytes were observed. BMI was not associated with immune cells.
Conclusion: Higher Vδ2+Vγ9+ and CD8+TEMRO cell numbers in children with higher visceral
fat index could reflect presence of adiposity-related inflammation in children with
adiposity of a general population.
Key Words: child, effector memory T cell, gamma delta T cell, fat mass, inflammation, monocyte

adults with overweight or obesity (21, 22). Within the γδ T
cells, the Vδ2+Vγ9+ subset is the most dominant in human
blood (23-25).
The majority of studies on adiposity-associated inflammation have been performed in mouse models or human
adults. Reports on the effects of adipose tissue on the immune system in school-aged children and studies with detailed immune phenotyping and information on fat mass
distribution in children are not present. Previous studies
on the associations between immune cell numbers and adiposity in adults did not account for confounders such as
sex, ethnicity, lifestyle factors and socio-economic status
(24).
We hypothesized that higher fat mass in childhood is associated with higher numbers of pro-inflammatory monocytes and higher T effector memory cells in peripheral blood.
We here related body composition determinants (BMI, fat
mass index [FMI]) and body fat distribution determinants (android-to-gynoid fat mass ratio, visceral fat index
and liver fat fraction)as determined by dual-energy x-ray
absorptiometry (DXA) and magnetic resonance imaging
(MRI) with a detailed set of monocyte and T cell subsets
in 890 10-year-old children of a population-based cohort.

Methods
Study Design
This cross-sectional study was performed within the
Generation R Study, a population-based cohort study
from early pregnancy onwards located in Rotterdam, the
Netherlands. The design of the study has been previously
described in detail (26). The medical ethical committee of
Erasmus University Medical Center approved the study
(MEC-2012–165). Written informed consent was collected from all parents or legal guardians of the children.
We selected children of whom information on BMI or fat
mass measurements by DXA and immune cell numbers
at 10 years of age were available. The number of children
included in the individual analyses is dependent on the
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Childhood overweight and obesity are major public health
concerns (1). High childhood body mass index (BMI) predisposes to high BMI in adulthood (2-4). In school-aged
children and adolescents, high BMI increases the risk of
adverse health outcomes associated with overweight and
obesity in adulthood (3, 4). These adverse health outcomes
include asthma, insulin resistance, coronary heart disease,
and metabolic syndrome (3, 5, 6). In addition, obesity might
increase the risk of respiratory tract infections (7) and it increases the morbidity and mortality in COVID-19 (8).
Adiposity is associated with chronic low-grade inflammation, which predominantly originates in visceral adipose tissue (9-12). Fat biopsies of adults with overweight
or obesity have been shown to be infiltrated with Th1,
Th17, and CD8+ T cells, which might be a reflection of
this chronic low-grade inflammation (12). Positive associations have been observed between human fat mass and
intermediate and nonclassical monocytes in blood (13, 14).
In adolescents with overweight or obesity, increased circulating effector memory CD4+ and CD8+ T cells have been
observed compared with adolescents without overweight
or obesity (15).
Adiposity-related inflammation is thought to contribute
to the onset of obesity-related morbidity such as insulin resistance (13, 16). CD8+ T cells are probably contributors
to this adiposity-related inflammation in an early phase by
production of pro-inflammatory cytokines, such as interleukin 2 (IL-2), which promote T cell proliferation and
adipogenesis (9). In a later phase, the intermediate and
nonclassical monocytes are thought to contribute to the
adiposity-related inflammation through increased tumor
necrosis factor-α (TNF-α) production (13, 17, 18). Th1
and Th17 are producers of various pro-inflammatory cytokines, potentially contributing to the pro-inflammatory
state in overweight and obesity, as the presence of these
pro-inflammatory cytokines, such as TNF-α, has previously
been associated with the onset of obesity-related morbidity
(12, 16, 19, 20). Regarding γδ T cells, fewer studies are present, but increased differentiation into effector memory γδ
T with a decreased antiviral response has been observed in
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availability of information on both exposure and outcome
and ranges from 535 to 881 children (Table 1).

mass and liver fat fraction. From these measurements, a
visceral fat index was calculated by division of visceral fat
mass by height3 (31).

Body Composition Measurements
Immune Cell Measurements
Peripheral blood samples were obtained and stained to
obtain absolute numbers of peripheral blood CD45+ and
CD3+ T cells using a diagnostic lyse-no-wash protocol (BD
Biosciences) (24). Next, 11-color flow cytometry was performed on LSRII Fortessa (BD Biosciences) with a standardized configuration according to Euroflow protocols
for detailed immunophenotyping of monocyte and T cell
subset cell numbers (32, 33).
Monocytes and T cells were defined within the
SSClowCD45dim population of CD45+ leukocytes (Figs. 1
and 2). For monocyte gating, CD3+ T cells and CD19+ B
cells were excluded prior to selection for CD123-IREM2+HLA-DR+ cells. Within CD123-IREM-2+HLA-DR+ cells,
classical (CD14+CD16-), intermediate (CD14+CD16+), and
nonclassical monocytes (CD14-CD16+) were defined (Fig.
1) (18).

Table 1. Number of children included in the individual analyses

Monocyte subsets
Monocytes
Classical monocytes
Intermediate monocytes
Nonclassical monocytes
T cell subsets
TCR γδ+ T cells
Vδ2+Vγ9+ T cells
Vδ2+Vγ9+ T naive
Vδ2+Vγ9+ TCM
Vδ2+Vγ9+ TEM
Vδ2+Vγ9+ TEMRA
CD4+ T cells
CD4+ T naive
CD4+ TCM
CD4+ TEMRO
CD4+ TEMRA
Th1 cells
Th2 cells
Th17 cells
Treg cells
CD8+ T cells
CD8+ T naive
CD8+ TCM
CD8+ TEMRO
CD8+ TEMRA

BMI

FMI

Android-to-gynoid fat mass ratio

Visceral fat index

Liver fat fraction

881
878
878
878

872
869
869
869

872
869
869
869

576
575
575
575

651
649
649
649

855
879
874
874
874
874
834
852
852
852
852
829
828
824
818
828
848
848
848
848

846
870
866
866
866
866
825
843
843
843
843
821
820
816
809
820
840
840
840
840

846
870
866
866
866
866
825
843
843
843
843
821
820
816
809
820
840
840
840
840

557
575
574
574
574
574
541
555
555
555
555
538
537
535
537
539
554
554
554
554

630
651
649
649
649
649
614
628
628
628
628
611
610
607
609
612
626
626
626
626

The numbers represent the number of children included in the individual analyses.
Abbreviations: BMI, body mass index; FMI, fat mass index; TCM, T central memory; TCR; T cell receptor; TEM, T effector memory; TEMRA, T effector memory
RA-positive; TEMRO, T effector memory RO-positive; Th, T helper; Treg, T regulatory.

Downloaded from https://academic.oup.com/jcem/article/106/10/e3923/6299303 by guest on 10 November 2021

BMI (kg/m2) was calculated from height and weight
measurements at our research center. Next, age- and sexadjusted BMI standard deviation scores were calculated
based on Dutch reference growth charts (27). Children
were categorized into BMI categories as follows: underweight (n = 44, 4.8%), healthy weight (n = 719, 80.9%),
overweight (n = 107, 12.0%) and obesity (n = 20, 2.3%),
based on cutoffs of the International Obesity Task Force
(28). Total fat mass (grams), android fat mass, and gynoid
fat mass were determined with DXA measurements
(GE Lunar iDXA, enCORE software version 12.6; GE
Healthcare) (29, 30). A fat mass index (FMI, kg/m4) was
calculated (31). Android-to-gynoid fat mass ratio was determined by the division of android fat by gynoid fat. The
android fat is the central fat mass in the abdomen whereas
the gynoid fat mass reflects the fat mass distribution within
the hip (29). MRI was performed to determine visceral fat
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multiplying the percentage of cells of interest by the total
leukocyte and T cell numbers obtained from the Trucount
analyses.

Covariates
Information on maternal characteristics including prepregnancy BMI (kg/m2) and educational level (higher vs
secondary and primary) was obtained by means of questionnaires obtained during pregnancy (5, 24). Information
on each child’s sex was obtained from midwife and hospital
registries. Postpartum questionnaires retrieved information
on ever breastfeeding during the first 4 months (33). The
child’s ethnic background (Western vs non-Western) was
defined based on each parent’s country of birth (5, 24, 26,
35). Information on diet quality score and sports activity
(>2 vs <2 hours per week) was obtained from questionnaires at, respectively, ages 8 and 10 years (35, 36). The
food-based diet quality score is the sum of 10 diet components (“fruit,” “vegetables,” “whole grains,” “fish,” “legumes,” “nuts, “dairy,” “oils and soft or liquid margarines,”
“sugar-containing beverages,” “high fat and processed
meat”) obtained from food frequency questionnaires. The
score ranges from 0 to 10 in which a higher score refers to
a healthier diet (36).

Figure 1. Representative sample illustrating the gating strategy used to identify monocyte subsets in peripheral blood using 11-color flow cytometry.
Within CD45+ leukocytes SSClowCD45dim populations were defined. After exclusion of CD3+ T cells and CD19+ B cells, CD123-IREM-2+/- cells and
later IREM-2+HLA-DR+ cells were defined. IREM-2+HLA-DR+ cells included the following monocytes: classical monocytes (CD14+CD16-), intermediate
monocytes (CD14+CD16+), and nonclassical monocytes (CD14-CD16+). Abbreviations: dim, dimmer; FSC-A, forward scatter area; FSC-H, forward
scatter height; IREM, immune receptor expressed on myeloid cells; mDC, myeloid dendritic cells; SSC-A, side scatter area.
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Vδ2+Vγ9+ T cells were defined within the CD3+ TCRαβ cells on the basis of Vδ2 and Vγ9 positivity (Fig. 2).
Within total Vδ2+Vγ9+ T cells, naive (CD45RA+CD27+),
central memory (TCM; CD45RA-CD27+) cells, effector
memory (TEMRO; CD45RA-CD27-), and effector memory
RA-positive (TEMRA; CD45RA+CD27-) cell subsets were
defined (34).
Within TCRαβ +CD3+ T cells, CD4+ and CD8+
T cell numbers were determined. For each lineage,
T naive (CD45RO-CCR7+) cells, T central memory
(TCM; CD45RO+CCR7+) cells, T effector memory
RO-positive (TEMRO; CD45RO+CCR7-) cells and T effector memory RA-positive (TEMRA; CD45RO-CCR7-)
were defined. Within the CD4+ lineage, T regulatory
(Treg; CD4+CD127dimCD25high), T helper (Th) 1 (CCR6CXCR3+CCR4-), Th2 (CCR6-CXCR3-CCR4+) cells, and
Th17 (CCR6+CXCR3-CCR4+) cell numbers were determined (33). The antibodies used for the flow cytometry
analyses are presented in Table 2.
FacsDIVA software v8 (BD Biosciences, San Jose,
USA), Infinicyt software (Cytognos, Salamanca, Spain),
and FlowJo software v10 (FlowJo LLC, USA) were used
for data analyses. The gating strategies are presented in
Figs. 1 and 2 and in our previous study (33). Absolute
cells per microliter of blood (cells/µL) were calculated by
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Statistical Analyses
Characteristics of the study population were determined
and represented as median with interquartile range (IQR,
25%-75% range) for continuous nonnormally distributed
variables and mean with SD for continuous normally distributed variables. To gain more insight in the distribution
of the characteristics between children without overweight
or obesity vs children with overweight or obesity, we presented the data for the total group and for those 2 specific weight groups. For standardization and interpretation
purposes, z-scores for the body composition determinants (BMI, FMI) and body fat distribution determinants
(android-to-gynoid fat mass ratio, visceral fat index, and
liver fat fraction) were used. All children had the same age
and therefore standardization by age was not necessary.
Immune cell numbers were recalculated by adding 1 because of values equaling zero and natural log-transformed
afterwards to obtain a normal distribution.
Multivariable linear regression analyses were conducted to determine associations between body composition and fat distribution and immune cell numbers
adjusted for child and maternal confounders. Potential
confounders were added if they were associated with

immune cells based on our previous study and if they
met the epidemiological criteria for confounders in our
study, and finally, if the effect estimate changed at least
by 10% after addition of the potential confounder (24).
The models were adjusted for maternal pre-pregnancy
BMI, maternal educational level, child’s sex, child’s ethnicity, breastfeeding during the first 4 months, foodbased diet quality score at 8 years, and doing sports. We
tested but did not include the variables of birth weight
and gestational age because these did not affect the
effect estimates of the models:.
Multiple imputation (n = 20) using predictive
mean matching was performed for missing values on
confounders. All measures of association are presented
as pooled estimates from the imputed data sets and
represent the percentage cell increase or decrease. No
differences in value distribution or direction of associations were observed between the nonimputed and imputed dataset. To account for potential multiple testing,
a 2-sided P value lower than 0.0125 was considered significant using the Bonferroni method (P = 0.05 divided
by the 4 immune cell categories: monocytes, TCRγδ T,
CD4+, and CD8+ T cells). The fat mass and immune cell
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Figure 2. Representative sample illustrating the gating strategy used to identify Vδ2+Vγ9+ T cell and CD4+ and CD8+ memory subsets in peripheral
blood using 11-color flow cytometry. After exclusion of αβTCRαβ+ T cells, TCRαβ- Vδ2+Vγ9+ T cells were defined. Within TCRαβ- Vδ2+Vγ9+ T cells, T naive
(CD45RA+CD27+) cells, T central memory (TCM; CD45RA-CD27+) cells, T effector memory (TEM; CD45RA-CD27-) cells, and T effector memory RA-positive
(TEMRA; CD45RA+CD27-) cells were defined. After exclusion of TCRαβ- T cells, the CD4+ and CD8+ memory TCM and TEMRO and TEMRA cells were defined.
Abbreviations: FSC-A, forward scatter area; FSC-H, forward scatter height; SSC-A, side scatter area; Tcm, central memory T cell; Tem, effector memory
T cell.
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Table 2. Antibodies used in flow cytometric analyses
Clone

Fluorochrome

Supplier

Identifier RRID

CD3
CD4
CD8
CD14
CD16
CD19
CD21
CD25
CD27
CD28
CD38
CD45
CD45RA
CD45RO
CD127
CCR4
CCR6
CCR7
CCR10
CXCR3
CXCR5
HLA-DR
IREM2
TCRαβ
TCRγδ
TCRVδ2
TCRVγ9

OKT3
OKT4
SK1
MO-P9
3G8
HIB19
B-ly4
BC96
O323
CD28.2
HIT2
GA90
HI100
UCHL1
A019D5
TG6/CCR4
G034E3
3D13
69036
G025H7
51505
L243
UP-H2
IP26
11F2
B6
B3

BV711
BV510
APC-H7
APC-H7
BV421
FITC
APC
BV421
BV421
PerCP-Cy5.5
BV605
OC515
BV605
FITC
APC
PECy7
PerCP-Cy5.5
PE
PE
FITC
APC
BV605
APC
PE-Cy7
PECy7
PerCP-Cy5.5
PE

BioLegend, San Diego, CA
BioLegend, San Diego, CA
BD Biosciences
BD Biosciences
Biolegend, San Diego, CA
BD Biosciences
BD Biosciences
BioLegend, San Diego, CA
BioLegend, San Diego, CA
BioLegend, San Diego, CA
BioLegend, San Diego, CA
Cytognos
BioLegend, San Diego, CA
DAKO, Glostrup, Denmark
BioLegend, San Diego, CA
BioLegend, San Diego, CA
BioLegend, San Diego, CA
ThermoFisher Scientific
R&D systems, Minneapolis, MN
BioLegend, San Diego, CA
R&D systems, Minneapolis, MN
BioLegend San Diego, CA
Immunostep
BioLegend San Diego, CA
BD Biosciences
BioLegend, San Diego, CA
BioLegend, San Diego, CA

AB_2875052
AB_2561866
AB_1645482
AB_1645464
AB_2561578
AB_395812
AB_2085309
AB_11126749
AB_11150782
AB_2073718
AB_2562915
AB_2848147
AB_2563814
AB_578677
AB_10900804
AB_2244410
AB_10918437
AB_10670625
AB_2204787
AB_10983066
AB_357109
AB_11219187
AB_11140615
AB_10639947
AB_2870377
AB_1877263
AB_1236408

measures are highly correlated and therefore no additional correction for multiple testing was performed.
Effect modification by sex and BMI was tested by adding
interaction terms to the regression models but were not
statistically significant (P > 0.05) and therefore stratification by sex or BMI was not performed. Statistical
analyses were performed using SPSS version 25.0 for
Windows (IBM Corp., Armonk, NY, USA) and R version
3.6.1.

Results
Study Population
Children had a median age of 9.8 [IQR 9.7, 10.0] years.
Children with overweight or obesity were more often girls
(63.8% vs 52.6%), had lower food-based diet quality
scores (4.4 ± 1.1 SD vs 4.64 ± 1.1 SD), performed more
often <2 hours sports/week (38.5% vs 27.2%) and had
less often a Western ethnicity (66.9% vs 86.2%) (all statistically significant with P < 0.05) compared with children
without overweight or obesity. Mothers of children with
overweight or obesity had a higher median pre-pregnancy
BMI (kg/m2) compared with mothers of children without

overweight or obesity (25.2 [IQR 22.1, 30.1] vs 22.5 [IQR
20.7, 24.4] and had more often a lower educational level
(62.2% vs 39.1%). Percentages of missing values within
the covariates ranged from 0% to 24.7%. The study population characteristics are presented in Table 3.

Adiposity Measures Do Not Correlate With
Changes in Monocyte Subsets
No associations were observed between BMI, FMI, visceral fat index, android-to-gynoid fat mass ratio, or liver
fat fraction with total monocyte numbers. When studying
the monocyte subsets, namely classical, intermediate, and
nonclassical monocytes, no associations were observed
with the adiposity measures (Tables 4-6).

Vδ2+Vγ9+ T Cell Subsets Were Higher in Children
With Higher Fat Measures
A 1-SD higher FMI, android-to-gynoid fat mass ratio, or
visceral fat index were statistically significantly associated
with 8.4% (95% CI 2.0, 15.2), 8.2% (95% CI 2.4, 14.4)
and 10.7% (95% CI 3.3, 18.7) higher total Vδ2+Vγ9+T
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cell numbers, respectively. No associations for BMI and
liver fat mass ratio with Vδ2+Vγ9+ T cells were observed.
When studying Vδ2+Vγ9+ T cells, the same directions of
associations were observed, but the associations for total
Vδ2+Vγ9+ T cells were not driven by a specific subgroup
(Tables 4-6).

Th17 cell numbers. Other adiposity measures were not
associated with Th17. No associations were observed between memory CD4+ T cell numbers and adiposity measures (Tables 4-6).

Discussion

None of the fat mass measures were correlated with total
CD8+ T cells. Yet, higher FMI, visceral fat index, and liver
fat fraction were all statistically significantly associated
with higher CD8+TEMRO cells: 7.4% (95% CI 2.4, 12.5),
8.3% (95% CI 2.6, 14.4) and 6.6% (95% CI 1.6, 11.8)
higher for each SD increase in the respective fat measure.
Android-to-gynoid fat mass ratio was not associated with
CD8+ T cell numbers. A 1-SD increase in liver fat fraction
was associated with 8.8% (95% CI −13.8, −3.7) lower

The present study determined the association between
adiposity and immune cell numbers in a general population of school-aged children with adjustment for several
confounders. In this population, we showed that higher
total FMI, visceral fat index, and android-to-gynoid fat
mass ratio were associated with higher numbers of circulating Vδ2+Vγ9+ T cells. Higher total FMI, visceral fat
index, and liver fat fraction were associated with higher
CD8+ TEMRO cell numbers. Only higher liver fat fraction
was associated with lower peripherally circulating Th17
cell numbers. No associations were observed between adiposity and monocytes or memory CD4+ T cell numbers in
children of the general population.

Table 3. Details of the study population
Total group
(N = 890)
Birth and infant characteristics
Female sex, N (%)
Western ethnicity, N (%)
Breastfeeding during first 4 months, N (%)
Child characteristics
Age at follow-up measurements (y)
Height (cm)
Food-based diet quality score at 8 years (36)
Doing sports ≥2 h/wk, N (%)
Child’s body composition
BMI (kg/m2)
Weight status (N, %)
Underweighta
Healthy weighta
Overweighta
Obesea
Total fat mass (g)
Fat mass index (kg/m4)
Visceral fat mass (g)
Liver fat fraction (%)
Android-to-gynoid fat ratio
Maternal characteristics
Pre-pregnancy BMI (kg/m2)
Higher educational level (N, %)

481 (54.0)
729 (83.3)
631 (90.3)
9.8 [9.7, 10.0]
142.4 [138.4, 146.9]
4.6 (1.1)
526 (71.4)
17.0 [15.8, 18.5]
44 (4.9)
719 (80.8)
107 (12.0)
20 (2.2)
8464 [6812, 11 325]
2.1 [1.7, 2.7]
386.7 [306.4, 516.2]
1.97 [1.69, 2.39]
0.24 [0.20, 0.29]
22.6 [20.7, 24.9]
500 (59.4)

Healthy weight
(N = 719)a

Overweight/obese
(N = 127)*

Missing (%)

378 (52.6)
610 (86.2)
516 (90.5)

81 (63.8)
83 (66.9)
80 (87.0)

0.0
1.7
21.5

9.8 [9.7, 10.0]
142.2 [138.2, 146.5]
4.6 (1.1)
444 (72.8)

9.9 [9.7, 10.0]
145.7 [140.9, 150.2]
4.4 (1.1)
56 (61.5)

0.0
0.0
24.6
17.2

16.8 [15.8, 17.8]

21.2 [20.5, 23.3]

0.0
0.0

8162 [6749, 9925]
2.0 [1.7, 2.4]
373.2 [294.4, 477.2]
1.94 [1.68, 2.33]
0.23 [0.20, 0.27]

16 386 [14 147, 19 381]
3.7 [3.3, 4.2]
709.1 [540.1, 872.6]
2.54 [2.01, 3.14]
0.38 [0.33, 0.44]

1.0
1.0
34.7
26.1
1.0

22.5 [20.7, 24.4]
426 (62.2)

25.2 [22.1, 30.1]
45 (39.1)

24.4
5.4

Values are based on the nonimputed dataset and presented as mean (SD) for normally distributed numerical characteristics and as median [25%-75% range] for
nonnormally distributed numerical characteristics or as numbers (%) for categorical characteristics.
Abbreviations: BMI, body mass index; wk, week.
a
Clinical categories based on the International Obesity Task Force age and sex specific BMI cutoffs (28). Children with underweight were excluded.
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CD8+TEMRO Cells Are Increased in Children With
Higher FMI, Visceral Fat Index, and Liver Fat
Fraction
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Table 4. Associations between body composition measurements and monocyte and T cell subsets
Body mass indexa
% cell change (95% CI)

P value

Android-to-gynoid fat mass ratio

% cell change (95% CI)

P value

0.18
0.17
0.75
0.79

0.34 (−2.56, 3.32)
0.26 (−2.79, 3.41)
−1.31 (−5.28, 2.82)
1.83 (−2.93, 6.83)

0.82
0.87
0.53
0.46

0.014
0.010b
0.046
0.06
0.41
0.10
0.49
0.48
0.25
0.21
0.12
0.09
0.17
0.35
0.53
0.02
0.16
0.25
0.003b
0.04

4.51 (−0.48, 8.71)
8.23 (2.42, 14.37)
8.49 (1.35, 16.13)
5.03 (−2.04, 12.61)
3.10 (−1.76, 8.20)
5.05 (0.40, 9.90)
−0.23 (−2.65, 2.25)
−1.84 (−4.77, 1.18)
1.79 (−2.28, 6.04)
−0.05 (−4.11, 4.18)
2.61 (−4.49, 10.24)
3.31 (−2.03, 8.94)
−1.28 (−5.23, 2.83)
−2.01 (−6.77, 2.99)
0.07 (−2.74, 2.97)
1.24 (−1.46, 4.02)
0.32 (−3.19, 3.95)
2.38 (−3.56, 8.68)
3.95 (−0.42, 8.52)
3.15 (−1.90, 8.46)

0.03
0.005b
0.02
0.17
0.22
0.03
0.86
0.23
0.39
0.98
0.48
0.23
0.54
0.42
0.96
0.37
0.86
0.44
0.08
0.23

0.66 (−0.54, 1.87)
0.66 (−0.60, 1.93)
0.48 (−1.19, 2.19)
1.33 (−0.62, 3.33)

0.28
0.31
0.57
0.18

2.26 (−1.00, 5.63)
2.45 (−0.99, 6.00)
0.74 (−3.75, 5.43)
0.72 (−4.45, 6.17)

0.88 (−0.77, 2.55)
1.14 (−1.17, 3.51)
2.67 (−0.20, 5.62)
−0.081 (−2.96, 2.88)
−0.63 (−2.62, 1.40)
1.36 (−0.53, 3.28)
0.04 (−0.99, 1.07)
−0.58 (−1.82, 0.67)
0.12 (−1.56, 1.84)
0.74 (−1.01, 2.53)
2.31 (−0.73, 5.45)
1.49 (−0.74, 3.78)
0.62 (−1.10, 2.36)
0.70 (−1.38, 2.83)
−0.12 (−1.31, 1.09)
0.98 (−0.13, 2.10)
0.62 (−0.81, 2.07)
−0.59 (−1.85, 3.10)
1.79 (−0.13, 3.76)
2.31 (0.22, 4.45)

0.30
0.34
0.07
0.96
0.54
0.16
0.94
0.36
0.89
0.41
0.14
0.19
0.48
0.51
0.85
0.09
0.40
0.63
0.07
0.03

5.58 (1.10, 10.26)
8.41 (1.99, 15.23)
7.94 (0.16, 16.31)
7.50 (−0.42, 16.06)
2.28 (−3.01, 7.86)
4.22 (−0.83, 9.52)
0.97 (−1.74, 3.76)
−1.19 (−4.43, 2.17)
2.68 (−1.85, 7.43)
3.06 (−1.64, 7.97)
6.49 (−1.69, 15.36)
5.28 (−0.70, 11.63)
3.24 (−1.32, 8.00)
2.67 (−2.82, 8.47)
1.02 (−2.13, 4.28)
3.75 (0.70, 6.89)
2.84 (−1.10, 6.94)
3.99 (−2.69, 1.12)
7.35 (2.40, 12.54)
5.91 (0.26, 11.89)

% cell change (95% CI)

P value

The numbers represent the percentage increase or decrease in absolute cell number per microliter of blood (95% CI) per SD increase in body composition
measurements. Numbers are based on multivariable linear regressions and adjusted for the following covariates: maternal pre-pregnancy BMI, maternal educational level, child’s sex, child’s ethnicity, breastfeeding during the first 4 months, food-based diet quality score at 8 y and playing sports.
Abbreviations: BMI, body mass index; TCM, T central memory; TCR; T cell receptor; TEM, T effector memory; TEMRA, T effector memory RA-positive; TEMRO, T effector memory RO-positiw.
a
Clinical categories based on the International Obesity Task Force age and sex specific BMI cutoffs (28). Children with underweight were excluded.
b
Statistically significant after correction for multiple testing (4 independent tests), P < 0.0125.

Previous Literature and Interpretation
+

Previous studies on fat mass and CD8 T cells showed
that mice with obesity had higher CD8+ T cells in adipose
tissue (9, 37). This increase in CD8+ T cell numbers in adipose tissue and blood has also been observed in adults and
adolescents who are overweight or obese (12, 15, 37-39).
However, we did not observe associations between BMI
and immune cell numbers. We extended previous literature by determining fat mass by DXA and MRI, as these
are more accurate in determining fat mass composition
and fat mass distribution compared with anthropometric
measures (31). Indeed, we did observe associations for fat
mass: positive associations were observed for FMI, visceral fat index, and liver fat fraction with total CD8+ and
CD8+TEMRO cell numbers. The observed higher number of
CD8+ TEM cells in our study and previous studies could

be a direct effect of the increased fat mass. A previous
study in adipose tissue of adults showed that CD8+ T cell
infiltration, and especially the effector memory subset,
might be the first immune cell appearance in adiposityinduced inflammation (9, 38). The effector CD8+ T cells
lack CCR7 expression and are able to directly migrate toward infected or inflamed tissues to execute their effector
function (40). It is thought that this effector function of
the CD8+ TEMRO cells further triggers the inflammatory
cascade that is observed in adipose tissue by production
of pro-inflammatory cytokines and the subsequent attraction of monocytes (38). Based on mice studies, this
initiation and maintenance of inflammation by effector
CD8+ T cell is thought to play a role in obesity-related
morbidity such as insulin resistance (38, 41, 42). In adults
with metabolic syndrome, increased differentiation of
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Table 5. Associations between visceral fat mass and liver fat fraction and monocyte and T cell subsets
Visceral fat index
% cell change (95% CI)

3.54 (−0.07, 7.27)
3.63 (−0.17, 7.58)
3.82 (−1.17, 9.06)
4.24 (−1.63, 10.45)
5.31 (0.21, 10.68)
10.72 (3.29, 18.69)
11.13 (2.19, 20.86)
10.21 (1.03, 20.22)
3.64 (−2.38, 10.03)
6.78 (0.89, 13.01)
0.80 (−2.26, 3.96)
−0.33 (−4.08, 3.57)
0.46 (−4.44, 5.61)
4.33 (−0.82, 9.74)
2.30 (−6.26, 11.65)
6.07 (−0.38, 12.93)
0.19 (−4.72, 5.35)
−0.70 (−6.51, 5.47)
2.24 (−1.22, 5.83)
4.42 (0.87, 8.09)
3.79 (−0.72, 8.49)
5.54 (−1.91, 13.55)
8.33 (2.59, 14.38)
2.59 (−3.45, 9.00)

P value

% cell change (95% CI)

P value

0.06
0.06
0.14
0.16

0.41 (−2.80, 3.73)
0.50 (−2.89, 4.01)
−2.55 (−6.80, 1.89)
0.80 (−4.35, 6.21)

0.81
0.78
0.26
0.77

0.04
0.004a
0.014
0.03
0.24
0.02
0.61
0.87
0.86
0.10
0.61
0.07
0.94
0.82
0.21
0.014
0.10
0.15
0.004a
0.41

4.89 (0.35, 9.64)
7.51 (1.07, 14.36)
8.42 (0.66, 16.78)
3.16 (−4.46, 11.38)
1.50 (−3.77, 7.05)
3.97 (−1.16, 9.38)
1.73 (−1.07, 4.61)
0.41 (−3.00, 3.93)
1.21 (−3.30, 5.94)
2.55 (−2.04, 7.35)
0.92 (−6.84, 9.33)
−0.31 (−5.92, 5.64)
1.53 (−3.03, 6.31)
−8.88 (−13.75, −3.73)
1.15 (−2.04, 4.45)
1.24 (−1.84, 4.41)
1.57 (−2.46, −2.46)
0.94 (−5.48, 7.79)
6.60 (1.63, 11.82)
3.39 (−2.14, 9.23)

0.04
0.02
0.03
0.43
0.59
0.13
0.23
0.82
0.61
0.28
0.82
0.92
0.52
0.001a
0.48
0.44
0.45
0.78
0.009a
0.24

The numbers represent the percentage increase or decrease in absolute cell number per microliter of blood (95% CI) per SD increase in fat mass measurements.
Numbers are based on multivariable linear regressions and adjusted for the following covariates: maternal pre-pregnancy BMI, maternal educational level, child’s
sex, child’s ethnicity, breastfeeding during the first 4 months, food-based diet quality score at 8 y and playing sports.
Abbreviations: TCM, T central memory; TCR; T cell receptor; TEM, T effector memory; TEMRA, T effector memory RA-positive; TEMRO, T effector memory RO-positive;
Th, T helper; Treg, T regulatory
a
Statistically significant after correction for multiple testing (4 independent tests), P < 0.0125

CD8+ T cells has been observed (43). Yet, the persistency
and dynamics of the observed immune profile over time in
relation to adiposity in children and the long-term effects
of these immune alterations are topics for future study.
In contrast to previous studies, we did not observe associations between BMI or other fat mass measures and
monocytes (9, 13, 14, 16, 38, 44-46). Previous studies
showed that monocyte infiltration and macrophage accumulation in adipose tissue occurred after the CD8+ T cell
recruitment in adipose tissue (9, 38). Therefore, it could
be hypothesized that we here observed an earlier phase of
adiposity-related inflammation, as the population of this
study comprises school-aged children with only 2.3% children with obesity. However, some studies also observed
monocyte increase in children (14, 45, 46). Age could
explain this difference, as 2 studies included children up
to 16 years old and 1 study children up to 18 years old,
whereas our study included 10-year-old children. The

relatively low number of children with obesity might also
be an explanation as 1 study only observed the higher
monocyte number in children with obesity (46).
In addition to the classical αβT cells, we examined γδ +
T cell numbers and the predominant Vδ2+Vγ9+ subset (25).
These Vδ2+Vγ9+ T cells have innate-like features and are
activated by phosphoantigens through butyrophilin 3A,
independent of major histocompatibility complex (MHC)
(25). Following activation, Vδ2+Vγ9+ cells contribute to
the host’s defense against pathogens by the production of
IFN-γ. However, increased numbers of γδ+ T cells in adipose tissue have been associated with inflammation and insulin resistance in mice (21). Still, insights into γδ + T cells,
specifically the Vδ2+Vγ9+ subset in relation to adiposity is
scarce. A study in 15 adults with obesity showed a lower
percentage of Vδ2+Vγ9+ T cells than a nonobese control
group (22). We observed in contrast to this previous study
higher numbers of Vδ2+Vγ9+ T cells in adipose children of
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Table 6. Monocyte and T cell subsets associations in children with overweight and obesity compared with children with
normal weight (REF)
Healthy weighta (N = 719)
% cell change (95% CI)

% cell change (95% CI)

P value

REF
REF
REF
REF

5.20 (−3.16, 14.27)
5.52 (−3.31, 15.15)
3.48 (−7.95, 16.20)
5.48 (−7.85, 20.73)

0.23
0.23
0.56
0.44

REF
REF
REF
REF
REF
REF
REF
REF
REF
REF
REF
REF
REF
REF
REF
REF
REF
REF
REF
REF

6.83 (−4.43, 19.41)
14.51 (−2.15, 33.99)
13.51 (−6.52, 37.69)
14.07 (−6.38, 38.97)
6.10 (−7.44, 21.62)
12.36 (−1.20, 27.79)
−4.11 (−10.53, 2.77)
−7.52 (−15.11, 0.75)
1.49 (−9.63, 13.98)
−5.13 (−15.50, 6.52)
−3.44 (−21.00, 18.03)
0.031 (−14.02, 16.38)
0.52 (−10.53, 12.93)
3.70 (−9.96, 19.43)
−3.11 (−10.71, 5.13)
1.99 (−5.49, 10.08)
−0.76 (−10.23, 9.71)
10.97 (−6.11, 31.16)
5.20 (−7.10, 19.13)
−1.00 (−13.98, 13.92)

0.25
0.09
0.20
0.19
0.40
0.08
0.24
0.07
0.80
0.37
0.73
1.00
0.93
0.61
0.45
0.61
0.88
0.22
0.42
0.89

The numbers represent the percentage increase or decrease in absolute cell number per microliter of blood (95% CI) when comparing children with overweight or
obesity to children with normal weight. Numbers are based on multivariable linear regressions and adjusted for the following covariates: maternal pre-pregnancy
body mass index (BMI), maternal educational level, child’s sex, child’s ethnicity, breastfeeding during the first 4 months, food-based diet quality score at 8 years,
and playing sports.
Abbreviations: TCM, T central memory; TCR; T cell receptor; TEM, T effector memory; TEMRA, T effector memory RA-positive; TEMRO, T effector memory RO-positive;
Th, T helper; Treg, T regulatory.
a
Clinical categories based on the International Obesity Task Force age and sex specific BMI cutoffs (28). Children with underweight were excluded.

the general population (22). This can possibly be explained
by the fact that this previous study studied relative immune
cell numbers in contrast to absolute numbers as was used in
our study. Yet, this previous study did observe higher numbers of effector memory Vδ2+Vγ9+ T cells (22). The exact
role of Vδ2+Vγ9+ T in metabolic diseases remains to be
studied (47). Increased differentiation of Vδ2+Vγ9+ T cells
has been associated with decreased IFN-γ responses and
thereby a reduced host defense against viral antigens (22,
48). This might contribute to the increased susceptibility of
overweight individuals to severe or persistent viral infection,
for example, with SARS-CoV2 in COVID-19 patients (8).
Overall, we observed the strongest associations for
visceral fat index with immune cells and no associations
between BMI and immune cells. These observations are
similar to previous literature that stresses the importance
of determining fat mass distribution rather than body

mass composition in defining populations at risk for adverse health effects of high fat mass (12, 49, 50). Namely,
it has been shown that adipose tissue is actively involved in
various metabolic processes which vary upon the location
of the tissue (10, 51). In particular, the viscerally located
white adipose tissue has been associated with systemic
low-grade inflammation (12, 51). Measures of fat mass distribution that we used in this study were android-to-gynoid
fat mass ratio, visceral fat index, and liver fat fraction, all
indicators of centrally located fat mass. Previously, higher
android-to-gynoid fat mass ratio in children was shown to
be a risk for developing metabolic syndrome independent
of BMI status (52). Likewise, both visceral and liver fat
have been associated with adverse metabolic outcomes
in children (53, 54). Therefore, measuring fat mass quantity and distribution might be more specific indicators for
low-grade inflammation in adiposity.
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Methodological Considerations
This study included a large cohort of school-aged children
with comprehensive datasets of body composition measures and immune cell numbers and detailed information
on important confounders such as socio-economic status
and lifestyle factors. Adiposity was studied in detail by both
BMI and fat mass measures determined by DXA and MRI,
both accepted as accurate measures for determining body
fat distribution (31, 60).
Despite this unique setting, we still encountered several limitations and considerations. First, we did not study
fat mass and immune cells over time, which prevented us
from drawing conclusions about the direction of the associations or about the effect of fat mass change over time
on immune cell numbers. Second, validation is needed of

MRI and DXA as fat mass composition and fat distribution
measures in large populations of children (60). Although
both MRI and DXA are increasingly used and generally
accepted in determining fat mass distribution in children,
most validation studies have been performed in adults (60).
Third, although we used extensive multiparameter flow
cytometry, we were unable to include the surface marker
CCR7 into the γδT cell subset tube to more accurately
distinguish between naive and TEMRA subsets of Vδ2+Vγ9+
T cells (61, 62). Fourth, we could not study the adiposity
measures in children with obesity specifically because of
the limited number of children within this group. Fifth, the
variability of fat mass amounts and BMI was limited due
to the small number of children with obesity within our
cohort. The low variability of BMI is relatively unique and
could explain the lack of observations for BMI within our
study. Lastly, because this is an observational study, there is
a chance of residual confounding for example by unmeasured dietary or lifestyle factors.

Conclusion
Adiposity in school-aged children of a general population was associated with higher Vδ2+Vγ9+ and CD8+ T
cells, whereas specifically higher liver fat was associated
with lower Th17 cell numbers. These results might indicate that fat-associated inflammation is already present at
a young age.
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Overall, we observed consistent results for Vδ2+Vγ9+
T and CD8+TEMRO across different fat measurements.
However, specifically for liver fat, decreased Th17 cells
were observed. This might reflect an increased recruitment of Th17 toward liver fat, which has been observed
previously in nonalcoholic fatty liver disease (NAFLD)
(55, 56). Possibly, excess liver fat mainly causes local inflammation in an early stage, ultimately leading to systemic inflammation (55). In NAFLD, it has been shown
that especially Th17 cells cause liver damage and fibrosis
progression (57). Further studies are needed because conflicting results about Th17 are present, as there are also
studies that have shown increased circulating Th17 in
adult patients with NAFLD (56). It is currently unknown
what the clinical relevance of our Th17 observation in
relation to adiposity could be in children.
The pathophysiology of adiposity-related inflammation
likely comprises a combination of factors: initiation of adipocyte cell death caused by hypertrophy, hypoxia due to
insufficient vascularization of expanded adipose tissue, and
oxidative stress of the adipocytes leading to production
of pro-inflammatory adipokines such as leptin (58). It is
thought that these chronic inflammatory triggers result in
T cell exhaustion and premature immunosenescence (59).
However, this is an area that needs further study, especially
in children with adiposity. The reduced functionality of exhausted T cells could underlie the increased incidence of
infection and cancer observed in patients with obesity (48,
59). Importantly, weight loss following bariatric surgery
was observed to reverse the premature immunosenescence
in patients with obesity (43). This T cell plasticity following
reversibility of adiposity-related inflammation underscores
the importance of early detection of adiposity in children
with appropriate lifestyle intervention.
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