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Adipose tissue in health and disease
through the lens of its building
blocks
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Understanding adipose tissue cellular heterogeneity and homeostasis is essential to comprehend
the cell type dynamics in metabolic diseases. Cellular subpopulations in the adipose tissue have

been related to disease development, but efforts towards characterizing the adipose tissue cell type
composition are limited. Here, we identify the cell type composition of the adipose tissue by using
gene expression deconvolution of large amounts of publicly available transcriptomics level data. The
proposed approach allows to present a comprehensive study of adipose tissue cell type composition,
determining the relative amounts of 21 different cell types in 1282 adipose tissue samples detailing
differences across four adipose tissue depots, between genders, across ranges of BMI and in different
stages of type-2 diabetes. We compare our results to previous marker-based studies by conducting
aliterature review of adipose tissue cell type composition and propose candidate cellular markers

to distinguish different cell types within the adipose tissue. This analysis reveals gender-specific
differences in CD4* and CD8™ T cell subsets; identifies adipose tissue as rich source of multipotent stem/
stromal cells; and highlights a strongly increased immune cell content in epicardial and pericardial
adipose tissue compared to subcutaneous and omental depots. Overall, this systematic analysis
provides comprehensive insights into adipose tissue cell-type heterogeneity in health and disease.

In multicellular organisms, a wide variety of specialized cells work in synergy, form tissues and perform essential
tasks required for the functioning and survival of the organism. The homeostasis in the system is maintained also
at the cellular level, such that defective, old, damaged or infected cells, or cells that are harmful to their environ-
ment either go through programmed cell death (apoptosis) or are actively detected and killed by the immune
system. Hence, many molecular sensors and inter-cellular mechanisms are evolved to ensure this cellular heter-
ogeneity is maintained at the tissue level.

Adipose tissue (AT) is no exception in this regard. It is composed of adipocytes, immune system cells,
endothelial cells (blood and lymph vessels) and stem/stromal cells. Collectively, these cell types facilitate the
functions associated with the tissue as an endocrine organ, energy depot, and major player in energy metabo-
lism'. To a large extent, it consists of adipocytes, which are commonly referred to as the fat depots in the body.
Furthermore, adipose tissue has the unique ability to expand and shrink in significant proportions within the
same individual over time. It can account for as little as 3% of total body weight in elite athletes or as much as 70%
in morbidly obese individuals®.

The conventional understanding of the adipose tissue portrays a fairly homogeneous tissue, responding to
higher energy intake by expanding and to lower energy intake by shrinking. In contrast to this conventional belief,
research in the last decade has focused on the different cellular subpopulations in the adipose tissue and their
relation to (metabolic) health and disease®*. This research provided deeper insights into disease development
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Figure 1. TissueDecoder the analysis of phenotypic traits. and the deconvolution with CIBERSORT.

and progression in complex diseases (such as heart disease or diabetes) as well as inter-individual differences in
disease etiology, paving the way for improved subtyping of patients for targeted therapies.

However, so far the efforts towards characterizing the adipose tissue cell type composition are limited, par-
tially due to lack of robust cell surface markers identifying subpopulations of cells, but also due to limited access
to tissue samples and the labor-intensive process required to identify them, such as immunohistochemistry or
flow cytometry. Furthermore, the markers used to define a subpopulation of cells within the adipose tissue can
differ greatly across studies, impeding reproducibility and leading to discrepancies across studies. Markers are
usually defined for general purpose, and not designed to be specific for a tissue, bringing in to question their
specificity and sensitivity.

In this paper, we propose a novel way of determining the adipose tissue cell type composition from whole
tissue microarray and RNA-Seq based gene expression profiles. Our proposed TissueDecoder framework builds
upon a recently published gene expression deconvolution algorithm?®, and facilitates reuse of published gene
expression data for determining adipose tissue cell type composition across various depots and phenotypic traits
(Fig. 1). In this way, we are able to determine the relative fraction of 21 different cell types in 1282 adipose tissue
samples, presenting the most comprehensive study of adipose tissue cell type composition to date.

We determine the cell type composition of four different adipose tissue depots, including rare samples from
epicardial (EAT) and pericardial adipose tissue (PAT), contextualize our results via a quantitative literature review
and validate our approach using an independent dataset. Furthermore, we exemplify the usability of our approach
by analyzing differences in adipose tissue cell type composition between genders, across ranges of BMI, and in
different stages of type 2 diabetes development.

Finally, we demonstrate the applicability and reproducibility of our approach in RNA-Seq level data by using
independent studies.

Our study highlights the heterogeneity in reported studies of adipose tissue cell type composition and contrib-
utes to a better standardization by making our curated adipose tissue-specific signature matrix (AT21) available
for future studies (Supplementary Data S1).

Methods

TissueDecoder Framework. Deconvolution of adipose tissue cell types. Our approach for determining the
adipose tissue cell type composition from whole-tissue gene expression data employs the CIBERSORT decon-
volution algorithm®. CIBERSORT uses a reference dataset of gene expression profiles from isolated cell types to
generate a signature matrix, which is subsequently used as independent variable in nu-support vector regression
(v-SVR) to determine the cell type composition of whole-tissue samples. In this study, we extend the CIBERSORT
signature matrix library with a novel signature matrix, termed AT21, since CIBERSORT is limited to blood due to
its default signature. This broadens CIBERSORT’s applicability to deconvolution of the adipose tissue.
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Figure 2. AT21 Signature Matrix: (A) Heatmap showing the correlations of signatures for the reference dataset
compiled from various studies reporting isolated cell type transcriptome profiles. The dendrogram (on the left)
shows the clustering within the reference dataset. The dendrogram is constructed using hierarchical clustering
with 1-correlation as the distance and average linkage as the linkage criteria. The number of samples contained
for each cell type (N), and the GEO accession numbers per study is shown on the right. Three groups revealed
higher correlation and clustered together in the reference dataset in accordance with our expectations: Highest
correlation is observed between subcutaneous and pericardial adipocytes followed by the cell types of the
mesenchymal stem/stromal cell origin (osteoblasts, mesenchymal stem/stromal cells, chondrocytes and Adipose
Stem/Stromal Cells - ASCs) and finally the T cell group (CD4" T and CD8* T cell subsets) follow. (B) Bar plots
showing top ten cell type markers identified by the primary criterion and the secondary criterion of CellMaDe.
Below each column conventional markers are demonstrated with their associated score. Bold font indicates

the presence of the gene in the AT21 signature matrix and red colored bars indicate the value of the (primary/
secondary) criterion was negative. Letters in brackets (M: membrane, E: extracellular, ME: both membrane and
extracellular, or O: other) specify the gene ontology cellular location of the corresponding protein.

AT?21] signature matrix. 'We have generated the AT21 signature matrix based on publicly available data from
the Affymetrix Human U133 Plus 2.0 microarray (GEO identifier ‘GPL570’). We restricted our search to this
microarray platform to avoid compatibility problems with cross-platform differences. However, we have also
performed independent validation using Affymetrix Human Transcriptome Array 2.0 and RNA-Seq level data.

For our AT21 signature matrix, 21 cell types (Fig. 2A) from four cellular archetypes, namely immune cells
(12 cell types), stem/stromal cells (adipose and (bone marrow-derived) mesenchymal), adipocytes (from subcu-
taneous adipose tissue (SAT) and PAT), and other cell types (endothelial cells, fibroblasts, smooth muscle cells,
chondrocytes, and osteoblasts) were selected. In the remainder of this manuscript, we refer to adipose stem/
stromal cells (ASCs) and to mesenchymal stem/stromal cells (MSCs) as two distinct cell subpopulations. The
clear distinction between ASCs with respect to the bone-marrow-derived MSCs included in this study is by their
positivity for CD36 and negativity for CD106 as described by the International Fat Applied Technology Society
(IFATS)®. Although conventionally they are depicted as similar subsets, ASC signatures are expected to be more
profoundly associated with adipose tissue presence than MSCs.

We downloaded a total of 204 Affymetrix microarray datasets (Supplementary Data S2), containing samples
from all 21 isolated cell types, from the gene expression omnibus (GEO) database’, jointly preprocessed them,
and generated the AT21 signature matrix using the CIBERSORT online service® (see Supplementary Methods),
which is provided as Supplementary Data S1.
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AT4 signature matrix with cell types isolated from adipose tissue. One potential caveat and limitation of the AT21
signature matrix is the partial use of reference cell types that were not directly isolated from adipose tissue, as such
data was (for some cell types) not available in public databases. Therefore, we generated an alternative reference
dataset containing solely cell types that were directly isolated from adipose tissue for evaluation and comparison
to the results obtained using AT21. The resulting AT4 signature matrix is limited to four cell fractions (adipocytes,
stem/stromal cells, monocytes/macrophages, and other leukocytes) available in dataset GSE80654, which utilized
the Affymetrix Human Transcriptome Array 2.0. After composition of the reference dataset, AT4 was generated
in the same way as AT21 (see Supplementary Methods) and is provided as Supplementary Data S6.

Adipose tissue samples used for deconvolution. We first utilized the AT21 signature matrix and the CIBERSORT
online tool to determine the cell type composition of 779 adipose tissue samples hybridized to the same microar-
ray platform as the reference dataset (Affymetrix Human U133 Plus 2.0). The adipose tissue samples came from
four different adipose depots (subcutaneous, n = 616; omental, n = 51; pericardial, n = 66; epicardial, n =46) and
12 original studies (Supplementary Methods, Supplementary Data S2).

Similarly, the deconvolution approach was applied to the isolated cell types from the AT21 reference dataset,
to check how well closely related cell types (e.g. subcutaneous and pericardial adipocytes) can be distinguished.

Next to this, an independent cross-platform validation of the TissueDecoder framework was conducted on a
“validation dataset” by deconvolving samples from eight isolated cell types hybridized to the Affymetrix Human
Transcriptome Array 2.0 (Supplementary Methods, Supplementary Data S2, Supplementary Fig. S1).

Furthermore, we tested the compatibility of our approach with the RNA-Seq technology (Supplementary
Methods) by deconvolving 503 adipose tissue samples from 5 original studies using the AT21 signature matrix
with CIBERSORT. In combination with the 779 adipose tissue samples described above, this resulted in a total of
1282 adipose tissue samples that were deconvoluted with AT21 and evaluated regarding their mutual agreement
and consistency with literature.

The AT4 signature matrix was utilized to deconvolve (i) the six stromal vascular fraction samples from dataset
GSEB0654 and (ii) the 779 adipose tissue samples (Affymetrix Human U133 Plus 2.0) that we analyzed with AT21
before.

Cell type-specific marker detector (CellMaDe). We have developed the Cell Marker Detector (CellMaDe) that
uses two criteria to pinpoint i) highly specific markers that are only expressed in the target cell type and not in any
other cell type of the tissue, referred to as primary markers (Eq. 1 below), and ii) markers expressed in the target
cell type that might also be expressed in some other cell types, referred to as secondary markers (Eq. 2 below).
A classical approach to cell type identification is the use of antibodies for specific marker proteins in immuno-
histochemistry or flow cytometry-based approaches. For these approaches, it is usually necessary to know cell
type-specific markers that are not expressed (or only much lower expressed) in any of the other cell types, i.e. ‘pri-
mary markers. This approach comes with the limitation that some cell types are difficult to distinguish based on
the expression of single marker proteins. For instance, mesenchymal stem/stromal cells are typically characterized
by a combination of several markers as well as functional assays®. Thus, where primary markers are not applicable,
the idea is to combine several ‘secondary markers’ to receive unambiguous cell type identification.

In CellMaDe, we define the ‘primary criterion’ and the ‘secondary criterion’ to determine primary and second-
ary markers, respectively, as follows:

For each gene and each cell type, the primary criterion is calculated as the average expression of that gene in
this cell type, minus the largest average expression of that gene in any other cell type, i.e.

Critprimary“’ J) = g/’J - rgz}x(g,lk) 1)
where g’.. is the average expression of gene i in cell type j. The secondary criterion is calculated for each gene and
each cell type as the average expression of that gene in this cell type minus the average expression of that gene in
all other cell types, i.e.

Crltsecondary(l’ n= gl'] - W]l(ez‘jn(g/lk) )

This results in a primary criterion score and a secondary criterion score for each gene which are then used to
obtain the ranked lists for each score (Supplementary Fig. S2).

The validity of the most promising primary marker identified per cell type was further evaluated based
on a large compendium of 394 anatomically annotated tissue expression profiles using Genevestigator (see
Supplementary Methods, Supplementary Fig. S3).

We have also annotated the top ten primary markers and selected conventional markers with their corre-
sponding Gene Ontology (GO) cellular locations’ (Fig. 2B). Since these markers are identified to be used poten-
tially in cell sorting, identification, or tracking applications, they are usually desired to be either on the cell
surface, membrane or on the extracellular part of the membrane. Hence, we have used four different notations
depicting the locations of interest (M: membrane, E: extracellular, ME: both membrane and extracellular, or O:
other) for the corresponding proteins (Fig. 2B, Supplementary Fig. S2).

Literature review of adipose tissue cell type composition. We performed a literature review of quantitative reports
about the cellular composition of the human adipose tissue for comparison with our results. Using a manual
(non-systematic) search, we have extracted original and review articles, which we then further examined for
relevant referenced studies. We selected a total of 25 original studies (Supplementary Data S4) that report cell
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type-specific cell counts of non-adipocytes in human adipose tissue (SAT and/or Omental Adipose Tissue; OAT),
from which we extracted information about the cell type, number of people included with information on gender
and BMYJ, adipose tissue depot, biopsy type, method and marker used for cell counting, as well as mean, standard
deviation/standard error, minimum and maximum of reported counts (where available). In many studies, cell
counts were only reported graphically, in which cases we extracted them manually through visual inspection.

Eighteen out of the twenty-five studies reported macrophage counts, of which eleven exclusively focused on
macrophages. Nine studies reported ASC fractions; frequencies of CD4" T cells, CD8™ T cells, and endothe-
lial cells were reported in five studies each and those of B cells in 4 studies. Natural killer cell frequencies were
reported in two studies and frequencies of myeloid dendritic cells, and fibroblasts were mentioned only in one
study each. We have made the effort to compile the literature to the best of our knowledge, however, our list may
not be exhaustive since several studies that focus on the isolation (rather than quantification) of adipose stromal
cells also report cell numbers. We did not find any cell counts for the remaining eleven cell types in our signature
matrix (monocytes, plasmacytoid dendritic cells, eosinophils, neutrophils, platelets, erythroblasts, smooth muscle
cells, chondrocytes, osteoblasts, mesenchymal stem/stromal cells, and pericardial adipocytes).

Direct comparison of the different studies is complicated not only by heterogeneity in the methods and mark-
ers used for cell counting but also by the heterogeneity in the units in which cell counts were expressed. The
25 studies used a total of six different units, namely (i) number per 100 adipocytes, (ii) number per g of adi-
pose tissue, (iii) percent of SVF cells, (iv) number per total number of nuclei, (v) number per high power field,
and (vi) number per mm? We converted all units into percent of total cells using the formulas described in the
Supplementary Methods, excluding the two studies expressing the cell numbers in number per high power field
and number per mm?.

Statistics. Non-parametric statistical tests were utilized to associate changes in cell type composition with avail-
able phenotypic information in the public datasets, as the relative cell type composition frequently had a skewed
distribution and its range of possible values is limited between 0 and 1. Repeated measures within the same per-
son (i.e. intervention studies with placebo, resveratrol, or calorie restriction) as well as the twin study (heavier vs.
leaner twin concordant, heavier vs. leaner twin discordant) were considered as paired samples and analyzed using
Wilcoxon signed rank test. Non-paired comparisons were performed using Wilcoxon rank sum test. Continuous
analyses testing the association of age and BMI with adipose tissue cell type composition were performed using
permutation tests based on Spearman correlation (‘cor.test’ function of package ‘stats’ in R). We report significant
results both with and without Benjamini-Hochberg correction for multiple testing for the 336 comparisons (21
cell types times 16 phenotypic traits). Reported p-values are without correction.

Ethics approval and consent to participate. Not applicable. All the studies included in this work are
from earlier published work; hence the ethical approval for each study can be found in publications accompany-
ing them.

Consent for publication. An earlier version of this article is present on bioRvix repository website and
can be accessed on http://https://www.biorxiv.org/content/10.1101/316083v1. This article is not published nor is
under publication elsewhere.

Results

Gene expression-based deconvolution of adipose tissue samples using the AT21 signature
matrix. The AT21 signature matrix was developed with the aim to determine the cellular composition of
adipose tissue samples. It consists of cell type-specific expression profiles of 1872 microarray probes from 21 cell
types. The 1872 probes were selected to optimize the ability of the signature matrix to distinguish between dif-
ferent cell types, which is reflected by minimizing the information overlap between cell types (implemented via a
minimization of the condition number, see Supplementary Methods).

In Fig. 2A we show the correlations of signatures between the different cell types, revealing high correlations
between related cell types, such as subcutaneous and pericardial adipocytes, or mesenchymal stem/stromal cells,
chondrocytes, osteoblasts, and adipose stem/stromal cells (ASCs). In light of these high correlations between
some cell types, we set out to investigate the ability of our approach to distinguish between similar cell types by
the following two strategies. First, we apply the deconvolution approach to the reference dataset itself, resulting in
a clear distinction between cell types (Fig. 3A) as a positive control, to demonstrate that the method proposed can
indeed identify pure cell signatures from the reference dataset clearly. We also show in the same figure (Fig. 3B,C)
the normalized expression of conventional markers and CellMaDe predicted primary markers for comparison
from the cell types in the reference dataset. The figure shows the comparison in terms of cell type specific normal-
ized expression of conventional markers vs CellMaDe predicted markers for each cell type. Second, we perform
deconvolution analysis with a set of 779 adipose tissue samples (Supplementary Data S2) from four different
adipose tissue depots (SAT, OAT, PAT, and EAT) and check how well the results agree with the body of literature.
This second analysis shows that the adipose tissue samples are predicted to have on average 14.5% ASCs, while
the sum of the three related cell types (mesenchymal stem/stromal cells, osteoblasts, and chondrocytes) is below
1% on average, revealing our ability to correctly distinguish between these cell types (Supplementary Fig. S4).
Furthermore, 95% of the SAT samples have a pericardial adipocyte score of 0% and an average subcutaneous adi-
pocyte score of 74%, whereas OAT, EAT, and PAT samples are mostly predicted to have more pericardial adipo-
cytes than subcutaneous adipocytes, although the distinction is less clear. This reveals the clear difference between
subcutaneous adipocytes and adipocytes from other adipose depots in proximity to internal organs, which can be
detected by the proposed methodology.
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Figure 3. Cell Type Specificity of TissueDecoder: Heatmaps of AT21 signature matrix showing (A) cell type
composition prediction from CIBERSORT with AT21 signature matrix, (B) the normalized expression of
selected conventional markers from literature and (C) the normalized expression of CellMaDe predicted
primary markers. The common xaxis above the figure denotes the samples used for annotating cell types from
the AT21 signature matrix. CellMaDe and CIBERSORT are both trained with AT21 signature matrix, therefore
(A,C) are optimal results for both techniques whereas (B) represents the separation power of conventional
markers on the AT21 signature matrix. Green boxes indicate for each cell type (columns) the row with its
corresponding marker.
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Next to these evaluations, we utilized an independent cross-platform (different Affymetrix microarray plat-
forms) validation dataset to test the CIBERSORT-based deconvolution with the AT21 signature matrix, showing
that our approach, correctly provides highest percentages for the respective isolated cell type for all tested cell
types in the validation dataset (Supplementary Fig. S1C).

The mean estimated percentages of the isolated cell type are 69.2% for subcutaneous adipocytes, 57.1% for
ASCs, 89.9% for B cells, 84.8% for CD4* T cells, 71.0% for CD8" T cells, 62.0% for NK cells, and 90.5% for
monocytes. The CD14™ fraction of the adipose tissue (monocytes/macrophages) is predicted to consist mainly of
macrophages (25.4%), myeloid dendritic cells (24.4%) and monocytes (18.1%). The deviation from the optimal
results based on the reference data itself (Fig. 3A) can be explained by cross-platform differences between the val-
idation and reference datasets (the validation dataset and reference dataset have been hybridized to two different
Affymetrix microarrays).

CellMaDe primary and secondary markers. Next, we further characterize the signature matrix by inves-
tigating which genes are incorporated in it, and by comparing their cell type specificity to that of conventionally
used cell type markers using the primary and secondary marker criteria (Eqgs. 1 and 2 in methods section). This
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has resulted in a ranking of all the probes present on the array according to their primary and secondary criterion
scores. In Fig. 2B, we show the top 10 genes having the highest primary and secondary criterion score from four
cell types - namely ASCs, CD8" T cells, macrophages and subcutaneous adipocytes — and indicate their cellu-
lar location according to gene ontology terms (for all 21 cell types see Supplementary Fig. S2, Supplementary
Data S3). All genes that are present in the AT21 signature matrix are marked in bold, showing that CIBERSORT
algorithm mainly selects a combination of secondary markers (CIBERSORTs gene selection criterion is compara-
ble to our secondary marker criterion), while primary markers and conventional markers are not always included
in the signature matrix.

This is in contrast to classical marker-based approaches such as immunohistochemistry, which rely heavily on
the cell type specificity of a single (primary) marker. Nevertheless, conventional markers such as CD68 for mac-
rophages are also expressed in other cell types, such as monocytes, plasmacytoid dendritic cells'’, and to a lesser
degree also in fibroblasts and endothelial cells'"!?, which is also indicated by its relatively low primary criterion
score (Fig. 2B). We, therefore, propose the primary markers identified by CellMaDe to be further confirmed
experimentally before clarified as alternative markers for the cell types within the adipose tissue.

For CD8™ T cells, the conventionally used marker (Cluster of differentiation 8B; CD8B) is identified as the
strongest primary marker, which was not very surprising. However, Cluster of differentiation 4 (CD4) is not very
specific for CD4" T cells, as shown by its prevalent expression in other hematopoietic cell types such as mono-
cytes or macrophages (Fig. 3B, Supplementary Fig. S2). This is also the reason that in flow cytometry, CD4 is used
only after the identification of CD3 cell population (T cells) to identify CD4* T cells. The Dendrocyte Expressed
Seven Transmembrane Protein (DCSTAMP) is identified as a very specific primary marker for macrophages
according to our analysis. In Fig. 3C we observe that the high expression of DCSTAMP is limited to a subset of
the macrophage samples, which might highlight its specificity to a subset of macrophages, e.g. macrophage giant
like cells, as suggested by earlier studies'®. For ASCs the identified primary marker EEA1 is not very striking. For
this cell type, we suggest using a combination of secondary markers as implemented in flow cytometry gating
strategies as well as in CIBERSORT algorithm.

The case of subcutaneous adipocytes seems to be similar as the primary marker CMAL1 is also not very strik-
ing. This can however be attributed to the fact that pericardial adipocytes are also part of the reference matrix.
Hence the primary criterion does in this case not only focus on distinguishing adipocytes from other cell types,
but also on distinguishing adipocytes from two different depots. Therefore, we included an additional analysis
by merging all adipocytes in the reference matrix together to determine primary markers for adipocytes. The top
three primary markers identified for adipocytes in this analysis were SPARCL1, ADIPOQ, and THRSP.

For further evaluation of the identified top primary markers, we compared their expression in a more exten-
sive independent dataset comprised of 394 anatomically annotated tissue expression profiles (Supplementary
Fig. S3, Supplementary Methods). Six of the 21 primary markers are fully validated, defined as showing the high-
est expression in the proposed cell type, namely CALCRL for endothelial cells, SPTA1 for erythroblasts, CD8B
for CD8" T cells, MS4AL1 for B cells, PRSS33 for eosinophils, and DCSTAMP for macrophages. Twelve markers
are partially validated, identified as being among the top five of the 394 anatomically annotated tissue expression
profiles or being expressed at a higher level only in cell types that are not related to adipose tissue, such as myo-
cytes or neurons. Only three markers were not validated, namely EEA1 for ASCs, RGS5 for smooth muscle cells,
and PF4V1 for platelets, the latter due to the absence of platelets in the validation dataset for PF4V1, preventing
its proper evaluation.

Finally, we utilized the independent validation dataset to evaluate the discriminatory power of the identified
top primary markers. The results of this analysis are presented in Supplementary Fig. S1 and Supplementary
Data S2, showing that the primary markers are expressed and able to distinguish between cell types in the vali-
dation dataset, with the exception of CM A1 for subcutaneous adipocytes and EEA1 for ASCs (Supplementary
Fig. S1B).

Contextualization of findings — a literature review. As the next step of evaluation, we have compiled
quantitative literature reports of human adipose tissue cell type composition to compare the estimates of our
deconvolution approach for 1119 SAT samples (616 microarray and 503 RNA-Seq datasets) and 51 OAT samples
to the reported percentages in the literature.

First, we searched for any reports in the literature quantifying the percentage of adipocytes in the adipose
tissue. This search, revealed a range of estimates from ~93%!4, ~70%'>!® and ~15%7, which can potentially be
explained by differences in sample processing (e.g. removal of blood vessels) and counting methods (e.g. his-
tology vs. cell isolation, different markers). Very recently, Glastonbury and colleagues estimated the adipocyte
fraction in two population-level subcutaneous adipose-tissue RNA-Seq datasets (TwinsUK, n = 766 and the
Genotype-Tissue Expression project [GTEx], n = 326) by estimating the relative proportions of four distinct cell
types (adipocytes, macrophages, CD4 + T cells, and micro-vascular endothelial cells). Their estimation for the
median percent of adipocytes is 62% for GTEx and 82% TwinsUK study*®.

Subsequently, we concentrated on studies determining fractions of non-adipocytes' and included 25 original
studies in our review. The quantitative results of cell fractions extracted from these studies are presented in Fig. 4
and Supplementary Data S4 (see Supplementary Methods for methodological details). Reported cell counts for
macrophages vary greatly, ranging from average counts of less than 1% of total cells in some studies up to an
average of 27% of total cells in another study. These rather large differences between the studies can arise due to
several factors, including (i) actual biological differences between the analyzed samples, (ii) local enrichment
of macrophages (e.g. in crown-like structures) that specifically influence results with low total cell counts like
immunohistochemistry, (iii) technical differences between the utilized methodologies and markers, and (iv) dif-
ferences in sample handling and analysis protocols (e.g. fluorescence cutoffs, utilized antibodies). It is important
to note that specifically, some immunohistochemistry studies report very high macrophage numbers (Fig. 4A).
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Figure 4. Review of Adipose Tissue Cellular Composition: Literature review of reported adipose tissue cellular
composition in comparison to our results using CIBERSORT (in green). Shown is the mean (dots), minimum,
and maximum (arrows) percentage of total cells (calculated according to assumptions and formulas stated in
the supplementary methods) for five different cell types - macrophages (A), ASCs (B), CD4" T cells (C), CD8™"
T cells (D), and endothelial cells (E). The color specifies the method used for cell counting as indicated in the
legend. The gray dots and arrows in (A) are our results where the macrophage score and monocyte score have
been added together. It is shown as a comparison, since the macrophage markers CD68, HAM56, and CD14
also stain monocytes. The gray dot in (B) represents the sum of ‘supra adventitial-adipose stromal cells’ (black
dot in the same row) and ‘endothelial progenitor cells, which were distinguished in the respective study, but are
likely both covered in the ‘adipose stem/stromal cell’ score from our AT21 signature matrix. On the left hand
side of each plot the references to the studies from which the results were taken (see Supplementary Data S4)
and the utilized markers are indicated. For ASCs and endothelial cells a combination of markers was used (see
Supplementary Data S4). A star attached to the study reference letter indicates that the study participant had an
average body mass index above 35. It is included in the figure since it has been reported that the macrophage
frequency is increased in people with severe obesity.

In addition, there may be some differences due to reported units across different studies, as the two studies with
highest macrophage percentages (averages of 27% and 26% macrophages) are the only ones reporting in ‘mac-
rophages per total number of nuclei. We have shown previously that immunohistochemistry studies from tissue
slices can be biased due to reliance on observations from cross-sections (thin tissue slices)?. Therefore, it can be
argued that specifically for adipocytes the cross-section may cover parts of the lipid droplet, but not the nucleus,
resulting in systematic differences between counting methodologies.

In order to evaluate the potential influence of biological differences between study participants, especially with
respect to their obesity status, we marked all studies involving people with an average body mass index above 35
(severe obesity) with a star (Fig. 4A). The relationship between obesity status and macrophage counts has been
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studied in several articles, reporting increased macrophage counts with increasing obesity in some, but not all
studies*!~?¢. Nevertheless, the obesity status cannot explain the observed diversity between reported macrophage
percentages in our literature review (Fig. 4A).

For comparison, we assessed inter-study differences in our analyses (only SAT), showing relatively stable
results, which indicates a better standardization despite biological differences of study participants and poten-
tial differences in sample handling between different labs (Supplementary Fig. S5). Even using RNA-Seq level
data to perform deconvolution resulted in a lower variance than the reported studies from the literature (Fig. 4,
Supplementary Fig. S6).

In comparison to the literature reports, the estimated amount of macrophages from our analysis is at the lower
end of the spectrum, with an average of 1.3% of total cells for the 616 SAT samples (median of 0.8%, IQR: 0.03%-
1.8%) and 1.2% of total cells for the 51 OAT samples (median of 1.2%, IQR: 0.4%-1.8%). Looking at the extremes,
our results confirm that there is a large range of macrophage composition with up to 25% macrophages in very
rare cases.

In order to account for the potential influence of monocytes, which also express the markers utilized in the
literature studies (CD14, CD68, and HAM56), we also report the combined fractions of macrophages and mono-
cytes from our AT21-CIBERSORT approach. This amounts to an average of 1.5% macrophages/monocytes in
SAT samples and 4.3% macrophages/monocytes in OAT samples, which brings our estimates in close proximity
to the mean values reported in the literature.

The amount of ASCs (mean of 14.8% in SAT and 15.7% in OAT), CD4" T cells (mean of 0.9% in SAT and 0.4%
in OAT), CD8" T cells (mean of 0.5% both in SAT and OAT) and endothelial cells (mean of 0.7% in SAT and 1.8%
in OAT) estimated by our approach is well in line with the literature reports (Fig. 4B-E). Similar to macrophages,
literature reports of ASC quantities show large variations (Fig. 4B). We have identified three reasons explaining
this variation. First, three of the literature studies (studies s, t, and v - see Supplementary Data S4) use adipose
tissue from liposuction aspirates, which is contaminated with blood"’, resulting in lower relative fractions of ASCs
in the SVE Second, some studies distinguish between endothelial progenitors and supra-adventitial adipose stem
cells (e.g. studies u and v), whereas others (including our study) don't, possibly counting both subpopulations as
ASCs. Notably, when adding up the two subpopulations in the study of Zimmerlin¥, the resulting average frac-
tion of 13.9% (gray dot in Fig. 4B) is close to our estimated results. Third, the total cell yield and stem/stromal cell
percentage vary widely depending on the method used for isolation of SVF**?%, which can potentially explain the
very low numbers reported by Viardot and colleagues® (study m).

There are several cell types such as plasmacytoid dendritic cells, neutrophils, or eosinophils for which we
could not find any results in the literature and thus we are reporting their frequency in the human adipose tissue
for the first time. Some cell types such as platelets and erythroblasts are mainly included as a control in the AT21
signature matrix, allowing for identification of the presence of blood within the samples.

Reference dataset with cell types isolated from adipose tissue. For further verification of the AT21
deconvolution results, we compared them to the deconvolution based on the AT4 signature matrix consisting of
four cell fractions isolated from adipose tissue.

In order to rule out differences in study population and tissue sampling procedures (while keeping differences
in cell type granularity, reference samples, and performing cross-platform analysis) we used the ex-vivo reference
to deconvolve the 779 adipose tissue samples from Affymetrix Human U133 Plus 2.0 array that we analyzed with
our AT21 signature matrix before. The resulting cell percentages (Supplementary Fig. S7) are in a similar range
as the results obtained using AT21 as reference (although monocyte/macrophage percentages are a bit higher)
and correlate reasonably well with them, revealing Spearman and Pearson correlations between 0.41 and 0.87
(Supplementary Fig. S8). Nevertheless, our analysis demonstrates that choice of cell types and their origin can
have potential impact on the level of detail in the results although the overall distribution is conserved.

For further evaluation of our deconvolution approach, we used this ‘ex-vivo reference’ to deconvolve samples
consisting of the stromal vascular fraction of adipose tissue (also from dataset GSE80654), revealing a cell type
distribution of 53% stem/stromal cells, 27% monocytes/macrophages, 19% other leukocytes, and 1% adipocytes
on average (see Supplementary Fig. S9) from n = 6 individuals out of a total of n = 10. The data for the remain-
ing four individuals was not available. The flow cytometry results reported slightly different averages of 62%
stem/stromal cells, 13% monocytes/macrophages, 12% other leukocytes, 3% endothelial cells, ~10% unspecified),
despite coming from the larger sample size of n = 10 individuals in the original study’'. Both results confirm
the high amount of stem/stromal cells in adipose tissue and (after unit conversion from cells in SVF to cells in
adipose tissue — see methods) are reasonably similar to our average results applying AT21 to adipose tissue, when
considering the differences in study population, adipose tissue sampling methodologies, and granularity of cell
type distinction (4 vs. 21 cell types).

Comparison of four adipose tissue depots. Next, we compare the cell type composition of four adi-
pose tissue depots (SAT, OAT, PAT, and EAT) by reporting their average cell type composition (Fig. 5, detailed
in Supplementary Fig. S4). This indicates that SAT has the highest percentage of adipocytes (74%) followed by
OAT (66.4%), EAT (59.5%) and PAT (59.4%), while EAT and PAT have far more immune cells (20.8% and 20.9%,
respectively) compared to OAT (9.8%) and SAT (7.4%). Furthermore, OAT is the richest source of stem/stromal
cells (17.2% compared to 14.9% for SAT, 14.1% for EAT and 12.4% for PAT).

These results need to be interpreted with care due to differences in number and characteristics of people
from which the samples were collected. Access to EAT and PAT is severely limited due to their physiological
location and the invasive nature of the sampling procedure. Therefore PAT samples were taken from 66 patients
(age: 66 & 8 years) with coronary artery disease (CAD)*? and the EAT samples were taken from 11 neonates (6
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Figure 5. Estimated Percentage of Cell Types per Adipose Depot: (A) Pie chart showing the overall cell type
distribution of various adipose tissue depots (Subcutaneous - n = 616, Omental — n = 51, Pericardial - n = 66,
and Epicardial - n = 46) in terms of four main archetypes of cells in adipose tissue (Immune cells, Stem/stromal
cells, Adipocytes, and other). (B) Bar plots showing the detailed distribution of the immune cell compartment
from each adipose tissue depot. All values are averages of the analyzed samples from the respective depot.

to 24 days old), 28 infants (40 days to 1 year-old) and 7 children (2 to 7 years old) with congenital heart disease
(CHD)*.

Despite differences in the age of EAT and PAT donors, the composition of the immune cell archetype in EAT
and PAT is remarkably similar to each other while being very different from SAT and OAT samples. This indicates
the robustness of our results as well as the conserved nature of the cell type composition in these two adipose
tissue depots surrounding the heart.

Furthermore, we report the fractions of classically designated “adaptive” immune cells, including B cells,
CD8" and CD4" T cells, infiltrated into EAT and PAT. These adaptive immune cells are enriched in EAT and PAT,
(higher in PAT than in EAT) compared to SAT and OAT depots, which could likely be due to the origin of the
analyzed samples from patients with CAD or CHD, as reported earlier for CD8" T cells*. Our finding is also sup-
ported by Mazurek and colleagues®, who compared the expression of cytokines in both EAT and SAT in patients
undergoing coronary artery bypass graft and found that EAT is a source of several inflammatory mediators.

A more detailed comparison of SAT and OAT was performed on the study of Hardy et al. 2011 (dataset
GSE20950), in which both depots were available from the same individuals®. This analysis revealed an increased
neutrophil content in SAT (also after correcting for multiple testing) and increased mesenchymal stem/stromal
cell and smooth muscle cell content in OAT (Fig. 6A). Investigation of CellMaDe-derived markers for neutrophils
(CYP4F3) as well as for pericardial adipocytes (C7) and subcutaneous adipocytes (CMA1) confirmed the signifi-
cant difference between SAT and OAT in these cell types (also after adjustment for multiple testing).

Cell type composition across phenotypic traits.  Finally, we compared the adipose tissue cell type com-
position between individuals with different phenotypic traits, such as different gender, age, body mass index
(BMI), and different stages of type 2 diabetes development. Furthermore, we included intervention studies inves-
tigating the effect of caloric restriction or resveratrol ingestion on SAT cell type composition. The results of these
analyses are shown in Fig. 6 and in more detail in Supplementary Fig. S10 and Supplementary Data S5.

We detected significant differences in SAT cell composition between males and females, indicating that there
are higher amounts of plasmacytoid dendritic cells, CD4" T cells, platelets, and chondrocytes in females, whereas
males have more CD8* T cells, fibroblasts, and endothelial cells. Notably, the differences in CD4* and CD8" T
cells were significant also after correction for multiple testing but were not detected based on single established
or CellMaDe-derived markers. With respect to age, we only detected one significant result, indicating a higher
amount of fibroblasts with increasing age.
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Figure 6. Adipose Tissue Composition Across Phenotypic Traits: (A) Heatmap showing the significant over
(red)/under (blue) represented cell type across different categories based on the z-score (denotes the number
of standard deviations each group is away from the other). Only significant results (uncorrected p < 0.05) are
colored. Stars label results that stay significant after correction for multiple testing. The bean plots showing (B)
all significant cell types and (C) ASCs and subcutaneous adipocytes (not detected as significant), for the heavier
vs leaner twin, discordant study. The y axis describes differences in estimated cell fractions between the heavier
and leaner twin within a twin pair.

We include four comparisons related to BMI, namely (i) a continuous relationship of BMI with cell fractions
in SAT, (ii) a comparison of SAT cellular composition in concordant monozygotic twins (heavier vs. leaner twin,
ABMI < 3kg/m?), (iii) the same in discordant monozygotic twins (heavier vs. leaner twin, ABMI > 3 kg/m?),
and (iv) a comparison of OAT cellular composition in obese vs. lean children. The first comparison indicates
that BMI is positively correlated with the amount of monocytes, myeloid dendritic cells, platelets, osteoblasts,
chondrocytes, and ASCs in SAT, whereas the correlation with subcutaneous adipocytes is negative. No significant
differences are detected between concordant twins, whereas discordant twins differ significantly in the amount
of CD4" T cells, erythroblasts, osteoblasts (all higher in heavier twins), as well as B cells (higher in leaner twins)
(Fig. 6B). Notably, there is a tendency towards higher amounts of ASCs and lower amounts of adipocytes in
heavier twins (Fig. 6C), supporting the respective significant finding in the continuous association with BMI. In
contrast, some other findings of the continuous association with BMI are not detected in the twin study, which
can be attributed to potential confounding effects (age, gender, or other factors) in the continuous association.

The lack of any significant results in the comparison of lean vs. obese children is mostly due to limited power
since the study only involves a total of 11 samples (5 obese and 6 lean children).

We made six comparisons related to diabetes, glucose tolerance, or insulin resistance. Three of them (impaired
glucose tolerance vs. normal glucose tolerance in SAT; diabetes mellitus vs. impaired glucose tolerance in SAT;
and insulin-resistant vs. sensitive in OAT) did not show any statistically significant results. The comparison of
SAT cell type composition in insulin-resistant vs. sensitive individuals revealed a significant increase in smooth
muscle cells in insulin resistant individuals. The SAT of people with diabetes mellitus contains more monocytes
and fewer eosinophils than that of normal glucose tolerant people, according to our analysis, whereas the OAT
of morbidly obese people shows differences in myeloid dendritic cells, eosinophils (both higher in people with
diabetes), and chondrocytes (higher in people without diabetes).

We did not find any evidence that caloric restriction or resveratrol supplementation significantly changes
adipose tissue cell type composition.

Interestingly, one included study also reports macrophage percentages as determined by immunohistochem-
istry?® (GSE20950). They show macrophage frequencies for 11 OAT samples (out of 20 study participants) from
insulin sensitive and insulin resistant people, with an average macrophage content of 1.8% (after unit conversion
to % of total cells), which nicely matches our estimate of 1.495% as average of all 20 participants (selection crite-
ria of the 11 samples for immunohistochemistry were not included in the study description). They furthermore
report a significant association between HOMA-IR and macrophage content in these 11 people, which we par-
tially confirm with borderline significance (p-value of 0.054) for a comparison of insulin-resistant versus insulin
sensitive people in all 20 study participants.

Discussion

Tissues consist of numerous different cell types and this heterogeneity plays a prominent role in tissue homeosta-
sis in health and disease. In this work, we propose the cell type composition of a tissue, specifically adipose tissue,
as a way to investigate the differences across individuals as well as biological conditions.

SCIENTIFIC REPORTS |

(2020) 10:10433 | https://doi.org/10.1038/s41598-020-67177-1


https://doi.org/10.1038/s41598-020-67177-1

www.nature.com/scientificreports/

Here we describe our novel findings on the cell type composition of the human adipose tissue. We compare
our findings to the existing body of knowledge attained via a range of methods (immunohistochemistry, flow
cytometry, microbead isolation and enzymatic isolation) by including a review of the studies addressing quanti-
fication of cell types (macrophages, CD4" T cells, CD8* T cells, endothelial cells and ASCs) within the subcuta-
neous and omental adipose tissue.

The meta-analysis of these studies indicates that, for adipocytes, ASCs and macrophages there is no consensus
on the extent of their presence within the adipose tissue. For adipocytes estimates vary from 15% to over 90%4-7.
Our analysis showed that, independent of the technology (both microarray platforms and RNA-Seq) and refer-
ence datasets (AT21 and ex-vivo reference), the median fraction of adipocytes are estimated to be in the range of
55% to 80% which was recently independently confirmed by Glastonbury and colleagues's. It is postulated that
macrophages constitute a specific population of cells that can differ greatly due to inter-individual differences. The
extent of tissue specificity for macrophages is reviewed elsewhere™.

ASCs are considered to be highly suitable for a range of applications in regenerative therapies®’~*. Despite all
the prospects, our understanding of the ASC within the adipose tissue is currently quite limited. The estimates of
ASCs within the adipose tissue are varying from 1-27% of the total cells (Fig. 4B) depending on the exact markers
used to define the ASC phenotype as well as the type of method used for isolating ASCs. In this study we robustly
define the ASC signature based on twenty one samples from three independent datasets and report that the ASC
composition within the adipose tissue can greatly vary from 3% to over 30% across individuals with the mean of
14.8% in SAT (IQR: 12-17.2%) and 15.7% in OAT (IQR: 11.5-18.6%). This relatively large variation is potentially
due to the dynamic nature of the stem/stromal cell compartment as well as the broad spectrum of individuals
selected for this study. These results highlight adipose tissue as the richest source of multipotent stem/stromal
cells, outnumbering possibly any other source in the body.

Moreover, we report for the first time gender-specific differences in the immune system compartment within the
subcutaneous adipose tissue, with clear enrichment of CD4" T cells in females and enrichment of CD8* T cells
in males. This finding is in line with the established notion of higher numbers of CD4* T cells and CD4*/CD8"
T cell ratios in females versus males observed from the peripheral blood mononuclear cell (PBMC) compart-
ment. This gender difference is reported to remain constant from birth to old age and has potential consequences
for a range of conditions including susceptibility to infectious diseases as well as risk for autoimmunity and
non-reproductive cancers*. The role of gender-specific differences in adipose tissue CD4+/CD8" T cell ratios is
yet to be further investigated.

We also compared the cell type composition of different adipose tissue depots, revealing high stem/stromal
cell percentages (12.4%-17.2%) in all depots, identifying SAT as richest in adipocytes (74%) and EAT and PAT
as highly enriched in immune cells, 20.8%, and 20.9% respectively. Our results implicate robust and systematic
differences in cell type composition across adipose tissue depots adding to previously identified differences in
metabolism and adipocyte size between depots*.

The results highlighted above demonstrate i) cell type composition differences across adipose tissue depots,
revealing adipose tissue heterogeneity and assisting future studies investigating the role of a specific adipose tissue
depot with a disease phenotype; ii) gender-specific differences in CD4*/CD8* T cell ratios within the subcutane-
ous adipose tissue providing a completely new angle and a potential confounding factor while studying metabolic
syndrome; iii) adipose tissue as the richest source of multipotent stem/stromal cells underlining the significance
of adipose tissue in the stem cell field, paving the way for future regenerative therapies. Taken together, they
demonstrate the power of the TissueDecoder framework in enumeration of cell types within adipose tissue and
give an overview of its potential in relating to other fields.

Our approach has various advantages including its ability to analyze many cell types in parallel, its relatively
high level of standardization, and its compatibility with retrospective datasets, allowing for meta-analyses of pub-
lic data from various laboratories. Furthermore, it has the potential of being platform (e.g. Affymetrix or Illumina
microarrays) and technique (microarray or RNA-Seq) independent, although most accurate results are currently
produced by using the same platform for the reference dataset and analysis dataset, as employed in our study.

Compared to the recently published study by Glastonbury et al.!¥, who followed a similar approach, we include
a much broader range of cell types in our signature matrix (21 vs. 4), and apply it to a broader range of adipose
tissue depots (SAT, OAT, PAT, EAT), measurement techniques (microarray and RNA-Seq) and original studies.

Naturally, the methodology proposed also comes with shortcomings that can be addressed in future versions
or by other studies. One potential extension would be the inclusion of brown/beige adipocytes in the reference
dataset in conjunction with an inclusion of adipose tissue depots harboring brown adipose tissue such as supr-
aclavicular, paravertebral, mediastinal, para-aortic and suprarenal depots. Another possibility is to adjust the
signature matrix to be suitable for deconvolution of other tissues, as we recently did for deconvolution of skin
samples®.

Furthermore, generating a reference dataset in which all cell types are isolated from the adipose tissue from
healthy individuals covering both age and gender spectrum, could potentially be better for the accuracy of the
method since for instance macrophages are known to have distinct expression depending on their tissue of ori-
gin’®. Although still under heated discussion which cell sub-populations reported by single cell transcriptomics
reports should be classified as novel cell types, we propose to use the reports from these analyses when there is
consensus in the field to identify the cell types for generation of the reference sets***!. Arguably, an optimized
reference dataset would also improve the proposed CellMaDe approach for detection of potential novel cell-type
specific primary markers.

Finally, in order to study the relation of phenotypic traits with adipose tissue cell type composition in more
detail, it is necessary to include studies with larger sample sizes, possibly a few hundred samples, which in our
case was only available for the comparison of gender differences.
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Conclusion

In conclusion, we report a novel methodology to quantify the tissue cell type composition in adipose tissue that
can be used both in future studies as well as in existing datasets employing gene expression quantification with
our established signature matrix. In generalized terms, our framework allows tissue cell type composition to
emerge as a potential marker measuring homeostasis that can be utilized in prospective studies in regenerative
medicine. The overview of studies presented in comparison with our findings, reflect the state of the adipose
tissue field from the lens of tissue cell type composition. Finally, reported novel cell type-specific markers have
great potential in identifying difficult cell types (such as adipose tissue macrophages and eosinophils) and are
promising candidates to be evaluated in future studies working with adipose tissue samples.

Data availability
All data generated during this study and references to the used publicly available data, are included in this
published article [and its supplementary information Files].
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