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Abstract: Prenatal adipose tissue development affects body composition and growth trajectory in
early infancy, therefore it is a key determinant of adiposity in childhood. Childhood overweight and
obesity increase the probability of being obese as an adult. After birth and in adulthood, adipose
tissue macrophages (ATMs) are relevant constituents of the fat depots, and they are necessary for
physiological adipose tissue development and fat metabolism. In obesity, however, ATMs may induce
chronic inflammation leading to insulin resistance, pancreatic beta cell damage and self-immunity.
Despite being relevant regulators of adipose tissue development and functioning, it is unknown
whether ATMs are present in the fetal adipose tissue, therefore it is elusive whether they may affect
the prenatal establishment of fat depots. Here we studied the distribution of ATMs in the human
fetus between gestational weeks 17 and 38 and labeled ATMs in the early postnatal life. We found
that CD45% /CD14* /CD68" ATMs infiltrated the fetal adipose tissue from the 17th week of gestation
and remained persistent throughout the second and third trimesters. ATMs were phagocytic in
the neonate and expressed interleukin-6, along with other pro-inflammatory gene products. These
findings show that ATMs colonize the adipose tissue early in gestation, raising the possibility that
intrauterine ATM-adipocyte communication may exist, eventually allowing ATMs to affect prenatal
adipose tissue development.

Keywords: adipose tissue; macrophages; immunity; metabolism; human development

1. Introduction

Adipose tissue macrophages (ATMs) are resident myeloid cells of the adipose tissue
that constitute approximately 10% of the adipose tissue stroma under physiological con-
ditions [1]. In obesity, hypertrophic adipocytes emit chemotactic and pro-inflammatory
signals, which boost monocyte development in the bone marrow, enhance monocyte migra-
tion to the fat depots, induce local ATM proliferation and ultimately increase the number of
ATMs [2]. Therefore, the prevalence of ATMs may increase up to 50% in severe obesity, and
ATMs fuse to form so-called crown-like structures around hypertrophic and eventually
dying fat cells [3,4]. These crown-like structures release pro-inflammatory mediators that
may trigger chronic inflammation. ATMs in obesity hence induce adipose tissue inflamma-
tion, also known as metabolic inflammation, that may cause insulin resistance, pancreatic
beta cell damage and self-immunity against certain molecules of the adipocytes, leading to
metabolic diseases associated with obesity [5].

ATMs were initially observed in obese adipose tissue, and for this reason obesity-
associated roles of ATMs have been well explored [1,3]. However, much less is known
about the physiological functions of ATMs in lean adipose tissue. Similarly to other tissue
resident macrophages, ATMs may clear apoptotic cells, immune complexes and pathogens
in the adipose tissue [6]. Beyond these broad immune surveillance tasks, ATMs may have
specific effects that are vital for metabolic health. For instance, they are necessary for post-
natal adipocyte development and maintenance of thermogenic competence of the young
adipocytes [7]. Ablation of ATMs in newborn mice causes a loss of thermogenic fat cells
in the subcutaneous adipose tissue [8]. The underlying mechanism is an ATM-dependent
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conversion of human milk-derived lipids into mediators that promote thermogenesis [8].
It is also thought that ATMs release pro-resolving mediators—such as interleukin-10 and
interleukin-1 receptor antagonist—that prevent adipose tissue inflammation [9,10], and
control neurotransmitter levels in the adipose tissue that are necessary for lipolysis and
thermogenesis [11,12].

Each organ has its unique combination of macrophages that are descendants of em-
bryonic hematopoietic cells and bone marrow-derived monocytes [13,14]. A fate mapping
study shows that the first wave of ATMs originates from embryonic hematopoietic precur-
sors in mouse [15]. Later in life and during obesity progression, these ATMs are replaced
by bone marrow-derived monocytes, suggesting that recruited monocytes are the primary
contributors to the increased number of ATMs in obesity [2]. ATMs have been detected
in human infants, and an increased number of ATMs is associated with childhood obe-
sity [8,16]. However, no study has addressed the question of whether ATMs appear before
birth, during the initial phase of adipose tissue differentiation. Unlike in many other
mammals—including mice that are widely used animal models of human obesity—the
subcutaneous fat depots begin to develop during the second and third trimesters in the
human fetus [17]. At birth, adipose tissue serves as a relevant source for energy produc-
tion, including heat generation [18-20], and gradually transforms into an energy reserve
and endocrine organ [21,22]. It is unknown whether ATMs are present during the early
adipose tissue development, hence any role for ATMs in fetal adipose tissue expansion and
adiposity state at birth is elusive to date.

The aim of this study was to identify ATMs during the human intrauterine develop-
ment. We used immunohistochemistry to detect the expression of macrophage-associated
proteins in the developing adipose tissue of human fetuses between gestational weeks 17
and 38. We also used adipose tissue biopsies from human infants and children to isolate
ATMs and determine their phagocytosis capacity and expression levels of macrophage-
associated proteins, as well as to describe their gene expression profiles, with the use of
next-generation sequencing.

2. Materials and Methods
2.1. Human Samples

Fetal adipose tissue samples were collected during autopsy of intrauterine fatalities
(Table S1). Miscarriages occur more frequently in male fetuses, and this sampling bias
is particularly evident in early pregnancies, where the male-to-female ratio is higher
at conception but decreases as pregnancies progress, largely due to the higher rate of
miscarriages among male fetuses [23,24]. As a routine procedure, fetal bodies and fetal
appendices were fixed in formaldehyde solution and were subject to autopsy. For histology
analysis, samples were collected from the abdominal wall and, following an additional
fixation in 4% paraformaldehyde, diluted in phosphate buffered saline (PBS) and embedded
in paraffin. A postmortem computed tomography (CT) scan was performed on a museum
specimen of an in utero male fetus in our previous study [25], and an original image was
rendered to illustrate the anatomical site of the fat depot, as shown in Figure 1a. The image
was reconstructed using RadiAnt DICOM Viewer 2023.1 (Medixant, Burgdorf, Germany),
and to ensure sample anonymity, patient information was removed digitally from the
image. Postnatal adipose tissue samples were collected during elective surgery from
adipose tissue specimens of infants and children. Samples were obtained during elective
surgeries performed between June 2022-September 2023 at the Department of Pediatrics,
University of Debrecen. Surgical indications were orchidopexy, umbilical, or abdominal
hernia (n = 16, males: 11, females: 5). Perinatal surgical indications are more frequent
among male newborns due to sex-specific surgical indications (e.g., inguinal hernia and
orchidopexy). Selection criteria are described elsewhere [8]. We excluded patients with
known diabetes or immune conditions, maternal diabetes, bleeding and hematological
disorders, oncological disease and cachexia. Acute infections and patient or maternal PCR-
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positivity for SARS-CoV-2 were additional exclusion criteria. Adipose tissue specimens
were fixed in 4% paraformaldehyde, diluted in PBS and embedded in paraffin.
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Figure 1. Development of the subcutaneous adipose tissue depot of the abdominal wall in the human
fetus. (a) Computed tomography image showing sagittal section of a human fetus in the late third
trimester. Abdominal wall at the level of the umbilical cord is indicated in frame. Original image,
retrieved from a postmortem computed tomography scan performed in our previous study [25].
(b") Cross section of the abdominal wall of the human fetus at the 17th week of gestation. ep:
epidermis, hf: hair follicle, 1: subcutaneous connective tissue layer with preadipocytes, 2: collagen
fibers, 3: muscular wall of the abdomen. Masson’s trichromic staining. Scale bar: 200 um. (b”) Cross
section of the abdominal wall in the third trimester. ep: epidermis, hf: hair follicle, vs: vesicles,
1: subcutaneous fat layer, 2: collagen fibers, 3: muscular wall of the abdomen. Hematoxylin and eosin
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staining. Scale bar: 200 um. (b”’) Perilipin immunostaining of the developing adipose tissue. From
left to right: week 17, week 21 and week 38. ac: adipocyte, Ict: loose connective tissue. Scale bar
50 um. (c) Subcutaneous connective tissue layer of the abdominal wall from the second trimester
(17th week) of gestation. cp: capillary, lct: loose connective tissue. Masson’s trichromic staining.
Scale bar: 30 pm. (d’) Capillary from the subcutaneous connective tissue at the 20th gestational
week. ev: extravasating leukocyte, cp: capillary, ly: lymphocyte, mf: macrophage, scale bar 30 pm.
(d”) Macrophage (mf) in the subcutaneous connective tissue at the 20th gestational week. cp: capillary.
Scale bar 5 um. (e) Subcutaneous adipose tissue at the 21st week of gestation. ac: adipocyte, cp:
capillary. Dotted lines mark regions with immune cell infiltration. Masson’s trichromic staining. Scale
bar 30 um. (f) Subcutaneous adipose tissue at the 30th week of gestation. ac: adipocyte, Masson’s
trichromic staining. Scale bar 30 pm. (g) Infiltrating immune cells in the subcutaneous adipose tissue
at gestational week 23. Ict: loose connective tissue, ac: adipocyte, arrowheads label immune cells.
Scale bar 50 pm.

2.2. Histology, Immunohistochemistry and Transmission Electron Microscopy

Paraffin blocks were cut with a microtome to collect 7 um thick sections. The speci-
mens were stained with hematoxylin and eosin and Masson’s trichrome staining (BioGnost,
Zagreb, Croatia). We used polyclonal antibodies raised in mouse or rabbit against human
perilipin-1 (1:200, #690156S, Progen, Heidelberg, Germany), CD45 (1:100, #Mob040-01, Di-
agnostic Biosystems Inc., Pleasanton, CA, USA), CD68 (1 ug/mL, #14-0688-82, eBioscience,
San Diego, CA, USA) and CD14 (1:500, #HPA001887 Merck Sigma-Aldrich, St. Louis,
MO, USA). Antibody binding was visualized with a horseradish peroxidase-conjugated
secondary antibody and staining with Impact DAB (Vector Labs, Burlingame, CA, USA).
The specificity of the immunostaining was validated by using fetal thymus and lymph node
sections. For transmission electron microscopy (TEM) analysis, we fixed tissue samples in
paraformaldehyde-glutaraldehyde and processed as described [8]. Semi-thin sections were
stained with methylene blue.

2.3. Isolation of ATMs and Flow Cytometry

We used fat specimens collected during elective surgeries, since it was not possible
to separate ATMs from adipocytes with enzymatic digestion in prenatal samples, owing
to the formalin fixation applied before autopsies. Adipocytes and the stromal vascular
fraction cells were isolated by collagenase digestion of the adipose tissue specimens, as
described [25]. Both ATMs and adipocytes were used for subsequent flow cytometry
analysis. Cells were labeled with mouse monoclonal antibodies against CD68 (1:100, #14-
0688-82, eBioscience), CD36 (1:100, #11-0369-41, eBioscience) and IL-6 (1:100, #17-7069-41,
eBioscience), or with corresponding isotype control immunoglobulins, and analyzed with
a BD LSRII flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA), using FACS Diva
v8.0 (BD Biosciences, Franklin Lakes, NJ, USA) and Flow]J010.8.1.(Flow]Jo LLC, Ashland,
OR, USA) software for analysis and data visualization. For assessment of phagocytosis,
SVF cells were incubated with FITC-conjugated latex beads (Merck Sigma-Aldrich) for 1 h
and phagocytic index was calculated as described [26]. Cells were centrifuged and washed
with PBS and analyzed with flow cytometry. Raw data are deposited in FlowRepository,
under accession number FR-FCM-Z84Y.

2.4. Animals

We collected inguinal adipose tissue specimens from young and adult male C57/BL6
mice as described [27] on postnatal day 6 (P6) and 56 (P56), respectively. We used standard,
specific pathogen-free housing conditions under ambient temperature, and ad libitum
feeding with standard rodent chow diet. Since epididymal adipose tissue expands after
weaning age in mice, it is not suitable to study ATM development. To obtain sufficient
ATMs, we pooled fat specimens from 6 mice at P6, and 3 mice at P56. We repeated the ATM
isolation protocol at three independent assays. Once ATMs were isolated, total RNA was
purified and subsequently analyzed with next-generation sequencing.
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2.5. Gene Expression Analysis

Postmortem samples were not suitable for RNA extraction, therefore we used fat
samples collected during elective surgery for analysis of gene expression. Total RNA was
extracted using TRIzol reagent (Merck Sigma-Aldrich), as described [27]. Next-generation
sequencing was performed on a BGISEQ-500 platform by BGI Genomics Inc. (Cambridge,
MA), as described [8]. We used 3/3 adipose tissue samples from human male infants (mean
age 13.6 months) and children (mean age 9 years), respectively. For analysis of mouse
ATM gene expression, we used 3/3 ATM samples from P6 and P56 mice. We applied log?2
transformed fold change to determine gene expression level differences between groups.
Differentially expressed genes (DEGs) were identified using the DEseq2 algorithm [28]. We
used the STRING Functional Protein Associations Network to visualize protein-protein
interaction networks [29]. The raw NGS data are available in NIH GEO under accession
numbers GSE274818 and GSE271341.

2.6. Statistical Analysis

Data are represented as mean = standard error of the mean. We used the GraphPad
Prism v5.0 for Windows statistical software to visualize and analyze data (GraphPad
Software, San Diego, CA, USA). The unpaired 2-tailed Student’s ¢-test was used to compare
groups, while correlation between two variables was determined with Gaussian p-value
approximation, using a 2-tailed Pearson test, with a 95% confidence interval (a = 0.05).

3. Results
3.1. Adipose Tissue Development in the Human Fetus

We analyzed the subcutaneous adipose tissue in the abdominal wall, at the level of
the umbilical-hypogastric area (Figure 1a). The subcutaneous tissue layer was formed by
a loose connective tissue in the early stage of the second trimester (Figure 1b’), which ex-
panded into a fat layer in the third trimester (Figure 1b”). Perilipin expressing preadipocyte
clusters were apparent at around the 17th gestational week, increasing in number and
cell size throughout the intrauterine life (Figure 1b”’). Both unilocular and multilocular
adipocytes were present in the fetal fat depot (Figure 1b”’). Within the subcutaneous loose
connective tissue (Figure 1c), we found macrophage-like cells, mostly in the vicinity of
capillaries during the early second trimester (Figure 1d’,d”). Immune cells with rounded
nuclei were detectable within the preadipocyte clusters from the second trimester onwards
(Figure le-g).

3.2. CD45-Expressing Cells in the Developing Adipose Tissue

First, we aimed to detect all leukocytes in the developing adipose tissue. We selected
the leukocyte common antigen CD45, also termed as protein tyrosine phosphatase receptor
type C, as a suitable marker to label leukocytes [30]. CD45 is expressed on leukocytes with
lymphoid and myeloid origin, and in mouse adipose tissue, ATMs are defined as CD45*
cells [31]. CD45 denotes at least four glycoproteins of different molecular weights [32]. We
used a monoclonal antibody that recognizes epitopes on all forms of CD45. As a positive
control, we used human fetal thymus and lymph node samples (Figure S1).

From the 17th week of gestation onwards, CD45-expressing cells were abundant in
the developing dermis (Figure 2). These cells were scattered in the loose connective tissue
layer beneath the epidermis, often in proximity to hair follicles (Figure 2a,b). Throughout
the second trimester, 17.3 & 3.3% of the stromal cells of the subcutaneous connective tissue
layer was positive for CD45. CD45-expressing cells were rounded in shape, with centrally
located, rounded and euchromatic nuclei. From the 21st week of gestation, CD45-expressing
cells were enriched in the cell clusters formed by developing adipocytes (Figure 2c). The
CD45-expressing cells were attached to adipocytes. This morphology and distribution
pattern prevailed to the time of transition from the second to the third trimester of gestation
(Figure 2d).
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Figure 2. CD45 immunostaining of the abdominal subcutaneous adipose tissue in the human
fetus. (a) Subcutaneous connective tissue at gestation week 17. (b) Subcutaneous connective tissue
at gestation week 20. (c) Developing subcutaneous adipose tissue depot at gestation week 21.
(d) Subcutaneous adipose tissue at gestational week 30. (e) Subcutaneous adipose tissue at gestational
week 34. (f) Subcutaneous adipose tissue of a newborn (born at completed gestational week 36).
Arrowheads label CD45" cells. Ict: loose connective tissue, ac: adipocyte, hf: hair follicle. DNA
stained with methyl green. Scale bar 30 pm.

In the third trimester, when the adipose tissue volume expansion was apparent, CD45-
positive cells appeared adjacent to adipocytes (Figure 2e), and often formed cell clusters
(Figure 2f). In this period of adipose tissue development, 52.9 & 2.4% of adipocytes were
associated with at least one CD45-expressing cell.

3.3. Distribution of CD68-Expressing Cells in the Developing Adipose Tissue

Human CD68 belongs to the family of lysosomal-associated membrane proteins lo-
cated in the endosomal and lysosomal membrane and may be shuttled to the cell membrane.
CDe68 is expressed by human macrophages (Figure S1), and is involved in binding of oxi-
dized low density lipoprotein and phosphatidylserine in apoptotic cell membranes [33].

Similarly to the distribution pattern of the CD45-expressing cells, CD68-positive cells
were detectable from the 17th gestational week in the subcutaneous connective tissue
(Figure 3a,b), making 17 £ 3.7% of the stromal cells. These CD68" cells were detectable
throughout the second trimester (Figure 3c,d). In the third trimester, the CD68-expressing
cells were associated with adipocytes, and this distribution pattern remained persistent in
the early postnatal life (Figure 3e—g). At this stage, 47 4= 26% of adipocytes were connected
to at least one CD68* cell. Coherently with the association of CD68 with endosomes
and lysosomes, CD68 immunostaining appeared in intracellular vesicle-like structures,
yielding a granular staining pattern of the cytoplasm (Figure 3f). In summary, during the
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second trimester, CD68 immunostaining appeared in rounded cells that were scattered
in the loose connective tissue beneath the skin (Figure 3h), and in the third trimester
CD68* cells were attached to adipocytes (Figure 3i), similarly to the distribution pattern of

CD45-expressing cells.

a s cpé6s_ b CD68
: <
<
<
It . g o<
<<
:-b\) - bv
17 weeks — 17 weeks c
c 4 _“coes d ' v CD68 u
~hf <
“-b.V '< -< >‘
: [ A s
sc x
Ict ;
s
20'weeks = 20 weeks —
e ” coes f CDé68
. -
< > { 2 W< ac
7 < o 1< let [
s -
vre 8 P oy
Ict 3 . '&
& . ac >‘ \
<< > ac
o e Y
521 weeks » — 30.3 weeks s
g ’ co68 h cD6s i CD68
< , ‘
ol
< g , -
k{ \'g
ac <
3<( > ac
‘< R ‘< o 2
" o A
>R W
34 weeks - b 19 weeks 1 infant, \'g é? —

Figure 3. CD68 immunostaining of the abdominal subcutaneous adipose tissue in the human fetus.
(a,b) Subcutaneous connective tissue at gestation week 17. Arrowheads label CD68" cells. Scale
bar 50 um (a) and 30 um (b). (c,d) Subcutaneous connective tissue at gestation week 20. Scale bar
50 um (c) and 30 pm (d). (e) Developing subcutaneous adipose tissue depot at gestation week 21.
Scale bar 30 pm. (f) Subcutaneous adipose tissue at gestation week 30. Inset shows a cluster of CD68*
cells in vicinity of adipocytes. Scale bar 30 um and 5 um in the inlet. (g) Subcutaneous adipose tissue
at gestational week 34. Scale bar 30 pm. (h,i) Comparison of the distribution pattern of CD68* cells
in the second trimester (h) and in the newborn (i); scale bar 30 um. lct: loose connective tissue, ac:
adipocyte, hf: hair follicle, sc: subcutis, bv: blood vessel.

3.4. Distribution of CD14-Expressing Cells in the Developing Adipose Tissue

Human macrophages also express myeloid cell-specific leucine-rich glycoprotein
CD14, which is a cell surface-associated and secreted protein (Figure S1) involved in
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pathogen recognition and apoptotic cell clearance [34]. Some of the tissue-resident
macrophages of the human dermis express CD14. These macrophages are descendants of
blood-derived monocytes with a half-life shorter than 6 days [35].

In the second trimester, CD14-expressing cells were scattered in the connective tissue
of the dermis, resembling the distribution patterns of CD45" and CD68" cells (Figure 4a,b).
The CD14" cells remained persistent in the connective tissue throughout the second
trimester, making 18.6 & 2.4% of stromal cells (Figure 4c,d). Similar to the CD45" and CD68"*
cells, CD14+ cells were adjacent to adipocytes in the third trimester and 28.8 £ 0.5% of
adipocytes were associated with at least one CD14™ cell (Figure 4e-g). Transmission electron
microscopy analysis of the adipose tissue suggested the presence of monocyte/macrophage-
like cells in the fetal adipose tissue (Figure 4h’—j).
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Figure 4. Distribution of CD14-expressing cells in the abdominal subcutaneous adipose tissue in the
human fetus. (a,b) Subcutaneous connective tissue at gestation week 17. Scale bar 50 um (a) and
30 pm (b), arrowheads label CD14* cells. (c,d) Subcutaneous connective tissue at gestation week 20.
Arrowheads label CD14" cells. Scale bar 30 um. (e) Developing subcutaneous adipose tissue depot at
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gestation week 21. ac: adipocyte, arrowheads label CD14* cells. Scale bar 30 pm. (f) Subcutaneous
adipose tissue at gestation week 30. ac: adipocyte, arrowheads label CD14* cells. Scale bar 30 pm.
(g) Subcutaneous adipose tissue at gestation week 34. ac: adipocyte, arrowheads label CD14* cells.
Scale bar 30 pm. (h’,h”) Adipose tissue macrophages in the second trimester (h”) and in the third
trimester (h”), methylene blue stained semi-thin sections. Arrowheads label macrophage-like cells.
ac: adipocyte, svf: stromal vascular fraction. Scale bar 30 um. (i) Transmission electron microscopy of
the subcutaneous adipose tissue, corresponding to the semi-thin sections shown in panels (h’,h”), at
gestation week 38. A cluster of adipocytes, a capillary (cp) and a macrophage-like cell (arrowhead). Ip:
lipid droplets in adipocytes, cp: capillary, nc: nucleus, vs: vesicles, scale bar 5 um. (j) Macrophage-like
cells attached to adipocytes in the newborn adipose tissue. Scale bar 5 pm.

3.5. Macrophages of the Newborn Adipose Tissue Express Pro-Inflammatory Genes

We continued our analysis with perinatal fat biopsies, obtained during elective surg-
eries. After birth, CD45-expressing cells were abundant in the stromal vascular fraction of
the adipose tissue (Figure 5a). Majority of these cells were expressing macrophage markers
CD68 and CD14 (Figure 5a). Using fat specimens from live donors allowed us to measure
phagocytic activity of the ATMs. We used fluorescent isothiocyanate (FITC)-conjugated la-
tex beads to measure phagocytosis capacity of the isolated stromal vascular cells (Figure 5b).
Phagocytic index was 2.75 =+ 0.16, meaning that each ATM ingested at least two to three
latex beads during the incubation period (Figure 5b). We found that latex beads were taken
up by a similar efficiency in all samples tested, and that the number of phagocytosing cells
was similar to the amount of CD68-expressing cells within the stromal vascular fraction
(Figure 5b). This suggests that the two populations were identical, and the CD68-expressing
cells represented a phagocytosing ATM population. In mice—unlike in humans—the sub-
cutaneous adipose tissue expands in the early postnatal life. At around the 6th postnatal
day, the adipose tissue is rich in ATMs, and they are necessary to maintain the thermogenic
activity of the adipocytes [8]. We isolated ATMs from young mice at postnatal day 6 (P6)
and adult mice at postnatal day 56 (P56), and determined their transcriptional landscape
using next-generation RNA sequencing (NGS).

Understanding of macrophage functions is influenced by the M1/M2 macrophage
polarization model [36], and M1 traits of ATMs have been linked to obesity and the
development of metabolic meta-inflammation [1]. However, inflammatory cytokines have
been shown to play a role in physiological adipose tissue development [8,37]. We asked
whether P6 ATMs show M1 or M2 traits. We found that P6 ATMs expressed higher
levels of M1 marker genes than their P56 counterparts. These mRINA species included
Tnfa, encoding tumor necrosis factor alpha (TNFw); 116, encoding interleukin-6 (IL-6); 111,
encoding interleukin 1 beta (IL-13); Ccl2, encoding monocyte chemotactic protein (MCP-1);
Cxcl10, encoding C-X-C motif chemokine ligand 10 (CXCL-10); and Rela, encoding nuclear
factor kappa B (NFkB) subunit (Figure 5d). Expression of these genes is a hallmark of
M1 macrophage activation, and M1 ATMs are associated with the metabolic deterioration
caused by obese adipose tissue.

So-called M2, or pro-resolving macrophage activation is hallmarked with the ex-
pression of Argl, encoding arginase 1; Cd163, encoding CD163 haptoglobin-hemoglobin
receptor; and Cd209a, encoding CD209 or dendritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin. Arg1 mRNA level was higher in P6 than in P56 ATMs;
however, Cd163 and Cd209a transcript levels were much lower in P6 ATMs than in their
P56 counterparts (Figure 5e).

In humans, adipose tissue volume reaches an infancy peak before the first year of age,
which is followed by a reduction in fat mass. A surge in fat development appears at the
physiological adiposity rebound at 5-6 years of age [38,39]. As a next step, we collected fat
specimens from infants before they reached infancy peak of adiposity, and from children
passing their adiposity rebound age. We compared the mRNA expression profiles of these
samples using NGS.
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Figure 5. Expression of IL-6 in infant ATMs (a) FACS analysis of ATMs in infant adipose tissue.
Labeling for CD45, CD68 and CD14. (b) Phagocytosis activity of ATMs was assessed with flow
cytometry. ATMs engulfed FITC-conjugated latex beads, and fluorescence intensity was proportional
to number of ingested beads. Histogram showing fluorescence intensity of ATMs following engulfing
latex beads. Phagocytosing cells (Phago*) accumulated latex beads, shown by their intensive FITC
fluorescence. Each histogram represents one donor patient. (c) Expression of CD68 and CD36 in
cells of the infant adipose tissue (age range 0.3-0.83 year). Percentage of CD68" and phagocytosing
(Phago™) cells in the infant adipose tissue. (d) Relative mRNA expression levels of M1 macrophage
activation genes in mouse ATMs, isolated on postnatal day 6 (P6) and on postnatal day 56 (P56).
**p <0.01, *** p < 0.001, 2-tailed unpaired Student’s t-test. (e) Relative mRNA expression levels of M2
macrophage activation genes in mouse ATMs at P6 and P56. * p < 0.05, *** p < 0.001, 2-tailed unpaired
Student’s t-test. (f) Relative mRNA expression levels of M1 macrophage activation genes in adipose
tissue of human infants and children. ** p < 0.01, *** p < 0.001, 2-tailed unpaired Student’s t-test.
(g) Relative mRNA expression levels of M2 macrophage activation genes in adipose tissue of human
infants and children. ** p < 0.01, *** p < 0.001, 2-tailed unpaired Student’s ¢-test. (h) Interactome map
of gene products overrepresented in mouse ATMs on P6 (Left) and in adipose tissue of human infants
(Right). (i) Expression of IL-6 in ATMs of human infants. Comparison of IL-6 expression (mean
fluorescence intensity, MFI) in adipocytes and ATMs. Adipocytes were defined as CD36* cells, ATMs
as CD68* cells. Each data point represents one patient. *** p < 0.001, 2-tailed unpaired Student’s ¢-test.
(j) Levels of IL-6 in ATMs.

In infants, the adipose tissue expressed more RELA, IL6, CCL2 and CXCL10, and less
ARGI1, CD163 and CD209A than the adipose tissue of children (Figure 5f,g). This gene
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expression difference resembled the situation seen in the postnatal development of mouse
ATMs. Indeed, in both young mice and human infants there was a prominent expression
of a gene network that contained pro-inflammatory genes and had IL-6 as a central hub
within the network (Figure 5h).

While NGS analysis was not feasible to perform on ATMs isolated from fat biopsies,
we processed isolated ATMs for flow cytometry. This analysis indicated that IL-6 expression
was characteristic to ATMs in the human infant adipose tissue (Figure 5i). Coherently with
the NGS data obtained from adipose tissue specimens, IL-6 expression peaked immediately
after birth in ATMs (Figure 5j). In summary, human ATMs expressed IL-6 and various M1
macrophage-associated genes after birth.

4. Discussion

This study is to our knowledge the first which describes ATMs in the human fetus.
Our results show that CD45* leukocytes infiltrate the fetal adipose tissue from the 17th
week of gestation and remain persistent throughout the second and third trimesters. CD68*
and CD14* macrophages follow a similar pattern and are present in the developing adipose
tissue during the second trimester and are closely associated with adipocytes in the third
trimester. These findings show that immune cells, particularly ATMs, infiltrate developing
adipose tissue early in gestation.

The prenatal development of the immune system is a meticulously orchestrated
process, with different immune cells emerging at specific times during gestation [40].
Hematopoietic stem cells (HSCs) are the progenitors of all blood cells and appear in the
yolk sac around weeks 3 to 4 of gestation, and some of the tissue resident macrophages
are descendants of these HSCs [41,42]. The first definitive HSCs arise from the aorta—
gonad—-mesonephros region, through a process known as endothelial-to-hematopoietic
transition [43]. By week 6, the liver, and later the spleen, emerge as the primary sites of blood
cell formation. HSCs express CD34 and CD45. CD34 is expressed on HSCs and progenitors
throughout ontogeny, from the early stages of fetal development to the establishment of the
adult bone marrow [44]. CD45 is a general marker for leukocytes. Monocytes first appear in
the fetal blood between gestational weeks 10 and 12. They typically express CD14 and CD16
markers, while CD68 is often used to identify macrophages derived from the circulating
monocytes [45]. In our previous studies, we used ionized calcium-binding adapter molecule
1 (Ibal) and CD163 to label ATMs [8]. While Ibal is a robust marker for microglia, it is less
specific for macrophages in peripheral tissues [46]. CD163 is predominantly expressed on
specific macrophage subsets [10]. CD14 and CD68 show more consistent expression across
different macrophage populations. In context of human fetal development, macrophages
at the maternal-fetal interface are the most studied, and coherently they express CD14 and
CD68 [46,47].

Development of the adipose tissue-associated immune cell populations is yet unex-
plored, and we know little about the establishment of tissue resident macrophage pools in
fetal development. The lungs, the adrenal glands, the pancreas, the thyroids, the ovaries,
the testes, the liver, the kidneys, the thymus and the skin contain macrophage-like cells
during the 13-19th gestational weeks [48]. In addition to placental macrophages, the hep-
atic macrophage populations are the most studied fetal macrophages, due to their role in
the regulation of fetal liver hematopoiesis [49]. Adipose tissue-associated macrophage de-
velopment, however, appears to be a blind spot in the literature. Human fetal skin contains
CD45* and CD68" cells in the second trimester [50], which may be descendants of yolk sac
progenitors [51]. It is plausible that, parallel with the macrophage colonization of the skin,
the developing subcutaneous fat depot also receives monocytes from the circulation, which
may differentiate into ATMs.

Human adipocytes are established before birth, and fat depots begin to expand further
in the postnatal life [38,52-54]. In contrast, only the interscapular brown adipose tissue is
already well developed at birth in mouse. The subcutaneous fat depots are hardly detectable
at birth, and they begin to expand until the weaning age [55]. Visceral—epidydimal and
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omental—fat depots develop later, at around weaning age [56]. In a human newborn, the
most relevant fat depots are located subcutaneously and are well-developed at birth [17-20].
In the early postnatal life, the subcutaneous fat depot contains thermogenic fat cells,
supporting the stability of the core body temperature, and providing free fatty acids for
energy demanding organs which rely on fatty acid oxidation to gain energy [18,20,25].

It is today accepted in the field that early events of the adipose tissue differentia-
tion and functioning have late-acting effects and determine obesity status in adulthood.
For instance, an excessive adipose tissue development in infancy may increase the re-
bound of adipose tissue expansion in childhood [38,39], which increases the probability
of developing overweight or obesity [57-59]. ATMs communicate with other immune
cells in the adipose tissue and emit signals—cytokines, micro-RNA cargo in extracellular
vesicles—which inhibit insulin response and stimulate bone marrow myelopoiesis, leading
to a meta-inflammation [9] and insulin resistance [60,61]. Metabolic effects of ATMs are
well-explored and understood in the obese adipose tissue, and the prevailing view is that
ATMs are metabolically harmful due to their pro-inflammatory nature. This view is, how-
ever, challenged by observations showing that some micro-RNA species secreted by ATMs
increase insulin sensitivity [60] and promote adipose tissue thermogenesis [62]. Moreover,
pro-inflammatory cytokines, such as IL-6 and interferons (IFNs), are necessary for early
preadipocyte differentiation and protect from metabolic meta-inflammation [8,27,63,64].

After birth, the mammalian fetus enters a potentially infectious environment from
the sterile and immune-surveilled womb. The immune system of the newborn infant
hence must protect the body from infections, but also allow the development of the normal
microbiome and support tissue differentiation without evoking a potentially damaging
inflammation. This duality of functions is unique for the newborn and is seen in the
immune gene expression landscape of ATMs in young mice: M1 genes, which are necessary
for pathogen elimination, are expressed more prominently than in adults, suggesting a
strong immune competence of these macrophages. In turn, M2 markers, which would
allow immune evasion of pathogens, are much less expressed in ATMs of young mice.
Increased M1 gene expression along with the lack of relevant M2 gene expression suggests
a pathogen-eliminating phenotype of the ATMs in newborn mice.

Initiation of labor and parturition is characterized by a surge in inflammatory cytokine
synthesis triggering childbirth [65]. Coherently, the adipose tissue of human infants ex-
pressed higher levels of pro-inflammatory genes, such as TNFA, IL6, IL1B, CCL2, CXCL10
and RELA, and had a suppressed expression of pro-resolving genes, such as ARG1, CD163
and CD209A, relative to the adipose tissue of children. Moreover, ATMs in newborn
adipose tissue expressed IL-6, and IL-6 was a central hub in the pro-inflammatory gene
network expressed by ATMs of young mice and by the adipose tissue of human infants.
IL-6 is necessary for the maintenance of the thermogenic potential of the young adipose
tissue [8,65], making it plausible that an IL-6-expressing ATM population appears at birth
and serves the metabolic demands of heat production in the early postnatal life [7].

5. Conclusions

In summary, we show that ATMs are present during the initial phase of adipocyte
development in the human fetus, and that ATMs remain persistent during the entire course
of adipose tissue differentiation. This makes it possible that fetal ATMs may affect early
events of adipose tissue development. Adipose tissue expansion in the first year of life
determines the onset of adiposity rebound in early childhood, and an increased adiposity
in the early postnatal life may increase the likelihood of overweight and obesity later in
life [58,66,67]. The prevalence of childhood obesity makes it key to explore the mechanisms
that are responsible for an increased rate of adipose tissue expansion in early postnatal life.
Prenatal adipose tissue development affects body composition and growth trajectory in
early infancy, therefore it is a key determinant of the adiposity in childhood [57,68,69].

Gestational age, maternal glucose control and obesity determine adiposity in the
offspring, and maternal obesity may also induce a pro-inflammatory macrophage activation



Cells 2024, 13,1787

13 of 16

References

in the fetus [47,70,71]. In the sensitive period of intrauterine adipose tissue development,
various epigenetic factors may increase obesity risk in the offspring, albeit clinical data are
limited to date to link maternal obesity status and DNA methylation of genes associated
with metabolic development in the newborn [72-74]. Moreover, breastfeeding transmits
immune regulators that shape macrophage functioning after birth [8,75,76]. It is plausible
that a set of maternal cues—e.g., maternal diet, obesity status, composition of milk—may
determine ATM activation and metabolic functions before and immediately after birth.

In adult fat depots, ATMs determine adipocyte differentiation potential, fat metabolism
and endocrine functioning of the adipose tissue. The present findings on the existence of
ATMs in prenatal life raise the possibility that intrauterine ATM-adipocyte communication
may exist, which expands the time frame in which ATMs have the possibility to determine
adipose tissue development.
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