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Background: A positive energy balance promotes white adipose tissue (WAT) expansion which is characterized
by activation of a repertoire of events including hypoxia, inflammation and extracellular matrix remodelling.
The transmembrane glycoprotein CD248 has been implicated in all these processes in differentmalignant and in-
flammatory diseases but its potential impact in WAT and metabolic disease has not been explored.
Methods: The role of CD248 in adipocyte function and glucose metabolism was evaluated by omics analyses in
humanWAT, gene knockdowns in human in vitro differentiated adipocytes and by adipocyte-specific and induc-
ible Cd248 gene knockout studies in mice.
Findings: CD248 is upregulated in white but not brown adipose tissue of obese and insulin-resistant individuals.
Gene ontology analyses showed that CD248 expression associated positively with pro-inflammatory/pro-fibrotic
pathways. By combining data from several human cohorts with gene knockdown experiments in human adipo-
cytes, our results indicate that CD248 acts as a microenvironmental sensor which mediates part of the adipose
tissue response to hypoxia and is specifically perturbed in white adipocytes in the obese state. Adipocyte-
specific and inducible Cd248 knockouts in mice, both before and after diet-induced obesity and insulin resis-
tance/glucose intolerance, resulted in increased microvascular density as well as attenuated hypoxia, inflamma-
tion and fibrosis without affecting fat cell volume. This was accompanied by significant improvements in insulin
sensitivity and glucose tolerance.
Interpretation: CD248 exerts detrimental effects on WAT phenotype and systemic glucose homeostasis which
may be reversed by suppression of adipocyte CD248. Therefore, CD248 may constitute a target to treat
obesity-associated co-morbidities.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Obesity results from an imbalance in energy homeostasis where sur-
plus energy is stored in white adipose tissue (WAT) [1]. IncreasedWAT
mass associates with the development of a number of cardiometabolic
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complications including insulin resistance/type 2 diabetes, dyslipid-
emia, hypertension and cardiovascular disease. While several different
factorsmay contribute, it is clear that these conditions are closely linked
to changes in WAT phenotype including adipocyte insulin resistance,
local hypoxia, a chronic low-grade inflammationwith leukocyte infiltra-
tion, predominantly comprising pro-inflammatory M1 versus alterna-
tively activated M2 macrophages [2], and increased fibrosis with
extracellular matrix (ECM) deposition [3,4]. These processes are be-
lieved to limit further WAT expansion, resulting in ectopic lipid deposi-
tion in peripheral organs which in turn lead to systemic insulin
resistance and metabolic disturbances. Data suggest that the events
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

White adipose tissue (WAT) is a highly dynamic organ that re-
sponds to changes in nutritional stresses and energy demands.
Following a brief excess of food intake, WAT acutely expands to
store energy in the form of lipids. In so doing, healthy WAT be-
comes mildly hypoxic, accommodating to the stress with a tran-
sient but effective inflammatory, angiogenic and extracellular
matrix remodelling response, thereby returning it to a state ofmet-
abolic homeostasis. However, with chronic overfeeding, adipose
tissue expansion exceeds the capacity of the angiogenic re-
sponse. Hypoxia of the adipose tissue persists, with ensuing
chronic inflammation, fibrosis, and generation of unhealthy adi-
pose tissue. This results in ectopic lipid deposition, systemic insu-
lin resistance and type 2 diabetes. Factors that determine the
transition of adipose tissue from a healthy to an unhealthy pheno-
type remain unclear.
CD248 is a transmembrane glycoprotein that participates in hyp-
oxic regulation, angiogenesis, inflammation and reorganization
of the extracellular matrix. It is expressed postnatally at low levels
in stromal and perivascular cells, but increased in the setting of
tumor growth, inflammation and injuries associated with fibrosis.
Lack of Cd248 in mice confers protection against the growth of
some tumors and several inflammatory diseases, including arthri-
tis, liver injury and atherosclerosis. Its potential role in the function
of white adipose tissue and metabolic disease has not been
explored.

Added value of this study

Our examinations ofWAT from various human cohorts reveal that
CD248 is expressed in mature white adipocytes, and that tran-
script levels correlate tightly and positively with obesity and insu-
lin resistance. The findings suggest that CD248 may be a more
sensitive marker of gluco-metabolic dysfunction than currently
available. Gene ontology analyses, coupled with adipocyte and
adipose tissue culture studies and gene knockdowns, support a
role for CD248 in modulating the response of adipocytes to hyp-
oxia and promoting inflammation, fibrosis and extracellular matrix
remodelling. This was confirmed in a series of global and
adipocyte-specific Cd248 gene knockouts in mice. Indeed, dele-
tion ofCd248 inmurine adipocytes reducesWAThypoxia, inflam-
mation and fibrosis, promotes WAT angiogenesis and improves
glucose tolerance and insulin sensitivity. Strikingly, these im-
provements can be achieved inmice also after the onset of obesity
and diabetes. Overall, we identify CD248 as an adipocyte sensor
of themicroenvironment thatmediates the transition from healthy
to unhealthy adipose.

Implications of all the available evidence

This study uncovers CD248 as a sensitive marker of adipocyte
function, increased expression ofwhich leads to activation of sev-
eral pathways that result in disturbances in glucose metabolism
and ectopic deposition of lipids. The tight correlation between ad-
ipocyte CD248, obesity and insulin resistance, together with our
interventional studies in mice, suggest that it might not only be a
valuable predictive marker of disordered glucose metabolism, but
also a potential therapeutic target to reverse malfunctioning
WAT and improve metabolic health.
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needed for healthy WAT expansion are the same as those that become
detrimental in response to a continuous positive energy balance [4].
Hence, short-term overfeeding leads tomild hypoxia and transient acti-
vation of inflammation. This allows the ECM to remodel and adipocyte
precursors to differentiate into mature fat cells. In contrast, long-term
over feeding leads to chronic hypoxia, low grade inflammation and fi-
brosis. Yet, little is known about the factors promoting the unresolved
activation of these processes.

CD248 (endosialin/tumor endothelial marker 1) [5] is a type I trans-
membrane glycoprotein expressed at low levels postnatally in cells of
mesenchymal origin (stromal fibroblasts, pericytes, vascular smooth
muscle cells, osteoblasts) [6,7]. However, it is markedly upregulated in
the setting of tumor growth, inflammation [8], and injury-induced fi-
brosis of several organs, including the liver [9] and kidney [10]. It is
well-established that CD248 participates in vascular remodelling in
part, by inducing an excessive hypoxic response characterized by acti-
vation of the transcription factors hypoxia inducible factor-1α
(HIF-1α) and HIF-2α, as well as increased release/expression of
pro-angiogenic factors [11–13]. This is in turn, accompanied by a
pro-inflammatory state with increased recruitment of activated leuko-
cytes, enhanced release of inflammatory cytokines, and upregulation
of pro-fibrotic genes involved in remodelling of the ECM [14]. In line
with these findings, global inactivation of Cd248 in mice attenuates dis-
ease severity in several models of human disease, including inflamma-
tory arthritis [12] and atherosclerosis [8], with diminished tissue
infiltration of pro-inflammatory leukocytes and reduced circulating
levels of cyto−/chemokines such as IL1β, CCL2 and CCL5. Lack of
Cd248 furthermore, ameliorates inflammation and fibrosis in models
of acute and chronic liver injury [9] and renal fibrosis [15]. In concor-
dance, humans with the corresponding diseases exhibit elevated ex-
pression levels of CD248 in their stromal fibroblasts which associates
with disease severity [10].

The established role of CD248 in hypoxia, inflammation and ECM
formation in other tissues led us to hypothesize that it could be involved
in determiningWAT function. Herein, based on analyses in several inde-
pendent clinical cohorts, we demonstrate that CD248 expression in ad-
ipocytes associates positively with a pernicious WAT and metabolic
phenotype. Furthermore, results in primary human adipocytes, corrob-
orated by adipocyte-specific and inducible Cd248 gene knock-outs in
mice, suggest that CD248 could be a potential target to improve WAT
dysfunction and metabolic health in the obese and overweight state.
2. Materials and methods

2.1. Human cohorts

Five clinical cohorts were included all of which have been described
in detail elsewhere [16]. Cohort 1 consisted of 26 non-obese (BMI: 24.1
± 1.8, age: 43 ± 14) and 30 obese (BMI: 40.9 ± 6.9, age: 43 ± 10)
women. Cohort 2 consisted of 15 obese women followed before and 2
years after bariatric surgery. At the follow-up, they were matched for
BMI and age with 15 never-obese control women. Cohort 3 consisted
of 40 obese insulin sensitive (BMI: 39.1 ± 3.0, age: 36 ± 6) and 40
obese insulin resistant (BMI: 42.7 ± 4.7, age: 36 ± 6) women
subdivided according to homeostasis model of assessment insulin
resistance (HOMA-IR) [17]. Cohort 4 included 27 non-obese men with
(n = 14) (BMI: 25.9 ± 1.4, age: 57 ± 11) or without (n = 13) (BMI:
26.6 ± 1.6, age: 61 ± 9) type 2 diabetes [18]. Cohort 5 included 31
lean and obese women where gene expression analyses were per-
formed on intact abdominal subcutaneousWAT and isolated adipocytes
from the same samples [19]. Genemicroarray data from cohorts 1 and 2
have been reported previously in the respective publications. Gene ex-
pression analyses in cohort 4were performedbyquantitative PCR asde-
scribed [20]. Adipocytokine release from intact WAT in cohort 1 was
determined by ELISA as detailed in the original publication [16].
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2.2. Human white and brown adipose tissue

Excisional biopsies of adipose from the supraclavicular region of
healthy human volunteers were performed at room temperature (20-
22C°) under local anesthesia (lidocaine-epinephrine) by an experienced
plastic surgeon. The site for the brown adipose tissue (BAT) biopsy was
determined by PET/CT imaging based on accumulation of [18F]FDG. A
subcutaneous white adipose tissue (WAT) sample was excised during
the procedure via the same incision. Immediately after sampling, part
of the tissue was fixed in formalin for immuno-histochemical analysis,
and the rest of the sample was snap-frozen in liquid nitrogen.

2.3. Mice

Micewere housed in the Centre for DiseaseModelling at the Univer-
sity of British Columbia, which is a 12:12 light:dark cycled, temperature
and humidity-controlled, specific pathogen-free animal facility. Mice
lacking Cd248 (Cd248−/−, KO) on a C57Bl6 backgroundwere previously
generated [12]. Heterozygous (Cd248+/−) mice were interbred to
generate Cd248+/+ (WT) and Cd248−/− (KO) littermates. For diet-
induced obesity studies, mice were fed either a high-fat diet (HFD)
(D12492, 60% fat caloric content, Research Diets, New Brunswick, NJ,
USA) or low-fat diet (LFD) (D12450B, 10% fat caloric content, Research
Diets). All animals were placed on the high/low fat diets at 7 weeks of
age.

C57BL/6-Tg(Adipoq-cre/ERT2)1Soff/J (cat #025124) (adiponectin-
cre-ERT2) mice were purchased from Jackson Labs (Bar Harbor,
Maine, USA).Mice that lack Cd248 inmature adipocyteswere generated
by first cross-breeding adiponectin-cre-ERT2 mice [21,22] with
Cd248lox/lox mice [12] to yield adiponectin-Cre-ERT2:Cd248lox/lox mice.
At the indicated ages, in vivo excision of Cd248 from mature adipocytes
was achieved by 5 daily ip injections of tamoxifen (Sigma Aldrich, cat
#T5648) 75 mg/kg body weight, diluted at a concentration of 10% m/v
in a solution of corn oil and ethanol, 9:1 v/v. Control mice were siblings
with the same gene modifications, but were injected with the vehicle
alone (Oil), without tamoxifen. Alternatively, Cd248lox/lox mice were
generated with or without the adiponectin-cre-ERT2 transgene; these
were placed on a HFD from the age of 6 wks, followed by a 5-day course
of tamoxifen starting at 11 wks of age, as described in the Results.

2.4. Human adipocyte cultures

In vitro differentiated human adipocytes were established, cultured
and differentiated as described [23] In brief, adipocyte precursors
were obtained from the stromal vascular fraction (SVF) of abdominal
subcutaneous WAT from subjects undergoing cosmetic surgery. In
these subjects only BMI, age and gender was known.

2.5. Oil Red-O staining

Differentiated human adipocyteswere washed three timeswith PBS
(phosphate-buffered saline) and then fixed with 4% formaldehyde for
1 h. Oil Red-O (0.3% in isopropanol) was diluted with water (3:2), fil-
tered through a 0.22 μm filter, and incubated with the fixed cells for
30 min at room temperature. Cells were then washed with water,
whereupon stained neutral fat droplets were visualized by lightmicros-
copy and photographed. Oil Red-O was thereafter extracted using
isopropanol and absorbancewasmeasured at 570 nm for quantification.

2.6. RNA interference and hypoxia-reporter assays

CD248 expression was knocked down by RNAi in human in vitro dif-
ferentiated adipocytes at day 10 of differentiation using 40nMsiRNAol-
igonucleotides (M-010720-00-0005, Dharmacon) and compared with
non-silencing control RNAi (D-001206-13-05). The electroporation of
siRNA was combined with 1 μg of plasmids containing the hypoxia
response element (HRE) (previously described in [24]) coupled to a lu-
ciferase reporter and 0.1 μg Renilla. Cells were electroporated at day 10
of differentiation as previously described [19] and were then incubated
in a hypoxic chamber at day 12 and harvested for subsequent analysis at
day 13. Luciferase activity was measured in cell lysates using the Dual-
Luciferase Reporter Assay System (Promega, Madison, WI) according
to the manufacturer's instructions.
2.7. Gene-ontology analysis

Expression of CD248 in cohort 1 was correlated with the expression
of all other coding genes measured by the microarray. Genes with a
Pearson's r N 0.5 were included in the GO-analysis, which was per-
formed using a web tool (https://toppgene.cchmc.org) with the gene
limit in the included pathways set at N10 and b1000.
2.8. Gene microarray

Micro arraywasperformedusingClariom™ S Assay, human (Catalog
number: 902926) and analyzed as previously described [19]. Principal
component analyses were performed using a previously described
web tool (Metsalu, Tauno and Vilo, Jaak. Clustvis: a web tool for visual-
izing clustering ofmultivariate data using Principal Component Analysis
and heatmap. Nucleic Acids Research, 43(W1):W566–W570, 2015. doi:
https://doi.org/10.1093/nar/gkv468).
2.9. Metabolic studies in mice

Glucose tolerance tests (GTT)were performed by fastingmice for 4 h
prior to intraperitoneal (ip) injection of glucose at a dose of 1 mg/kg
body weight, followed by periodic saphenous vein bleeds over
90–120 min, for immediate blood glucose measurements with a
glucometer (OneTouch UltraMini, Life Scan, Milpitas, CA). Insulin toler-
ance tests (ITT) were performed by ip injection of 0.75 units insulin/kg
bodyweight (Novolin, Novo Nordisk, Denmark) followed by quantifica-
tion of blood glucose levels at time intervals as noted. Area under the
curves (AUCs) were calculated using the manufacturer's algorithm in
the PRISM software package (GraphPad, San Diego, CA). Body composi-
tion was determined by dual-energy x-ray absorptiometry (DEXA)
using a PIXImus Mouse Densitometer (Lunar Corporation, Madison,
WI). Food and water intake were measured for 72 h with PhenoMaster
metabolic cages (TSE Systems, Bad Homburg, Germany), after a 72 h ac-
climatization period [25].
2.10. Quantitative real-time PCR (qRT-PCR)

RNA was extracted from tissue lysates using the RNeasy Mini kit, as
per the manufacturer's protocol (Qiagen, Mississauga, ON, Canada) or
Nucleospin RNA II kit (Machery-Nagel, Düren, Germany). Isolated RNA
was quantified and tested for the presence of contaminants using a
NanoDrop 1000 or 2000 spectrophotometer (ThermoFisher). The
qScript cDNA synthesis kit (Quanta Biosciences, Gaithersburg, MD,
USA) or iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) was used to
generate a cDNA library from isolated RNA samples. Relative transcript
levelswere analyzed using the StepOnePlus Real-Time PCR System (Ap-
plied Biosystems, Carlsbad, CA, USA) or Thermal cycler CFX96 (Bio-Rad).
Custom pre-designed primers (Taqman® Gene Expression Assays,
ThermoFisher Scientific) for genes of interest were used. Gene expres-
sion was normalized to the Hprt housekeeping genes, with relative ex-
pression levels analyzed using the 2-ΔΔCt method and expression
levels relative toHprtwere determined using the Expression Suite Soft-
ware (Version 1.0.3, ThermoFisher Scientific).

https://toppgene.cchmc.org
https://doi.org/10.1093/nar/gkv468
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2.11. Quantification of plasma levels of growth factors and adipokines

Plasma levels of Ccl2 and interleukin 6 (IL6) were quantified with
specific ELISAs from Quantikine, R&D Systems (Minnesota, MN). ELISA
kits from ALPCO (Salem, NH, USA) were used to measure plasma levels
of adiponectin. Assays were performed in triplicate.

2.12. Histology and immunohistochemistry

Adipose depots were harvested and fixed overnight in 10% neutral
buffered formalin. Sections obtained from paraffin-embedded tissues
were stainedwith hematoxylin & eosin (H&E) using standard protocols.
Formalin-fixed paraffin-embedded sections of murine adipose tissue
were also used for immunodetection of specific antigens by first sub-
jecting them to citrate buffer antigen retrieval prior to incubation with
primary antibodies (rabbit anti-CD248 primary antibody (Proteintech,
Chicago, IL, USA), rat monoclonal anti-F4/80 (Abcam #ab6640, 1:200),
rat anti-mouse CD31 (BD Pharmingen, cat#550274, 1:200), or an
isotype-matched control antibody. Immunostaining was detected
using ultra-sensitive ABC peroxidase staining and metal enhanced
DAB substrate kits (Pierce Biotechnology, Rockford, IL, USA) according
to the manufacturer's recommendations, or by immunofluorescence
by methods as described [26], detecting with AF 488 goat anti-rat anti-
bodies (green fluorescence, Invitrogen #A11006, 1:200) or AF 568 goat
anti-rabbit antibodies (red fluorescence, Invitrogen #A11011, 1:200).
Quantification of the area of adipocytes in H&E stained histologic sec-
tionswas accomplished from10 randomhigh-resolution (20×) acquisi-
tions per section using the automated software Adiposoft, as reported
[27]. Alternatively, 6–10 random microscopic fields per section were
imaged andfluorescence intensitywas quantifiedwith ImageJ software.

Average adipocyte size (Feret's diameter) in each animal was
assessed using the ImageJ 1.45 software (National Institutes of Health,
Bethesda, MD, USA) and themacroMRI's adipocyte tool. Adipocyte vol-
umewas calculated from the diameter using the following formula:V=
4/3 πr3. Adipocyteweightwas obtained bymultiplying the volumewith
the density of triglycerides which is 0.915 g/ml.

Adipose tissue hypoxia was measured by injecting mice with
pimonidazole 60 mg/kg body weight intravenously ~10 min prior to
sacrifice. Tissues were prepared as above and the Hydroxyprobe green
kit (Hydroxyprobe Inc., Burlington, MA, #HP6) was used at a dilution
of 1:50, according to the manufacturer's instructions. Detection was
achieved with the AF 568 goat anti-rabbit antibody (Invitrogen
#A11011, 1:200), and quantification was performed as above, using
ImageJ software.

2.13. Ethics protocols

Experimental animal procedures were approved by the Institutional
Animal Care Committee of the University of British Columbia. The de-
scribed human studies were approved by the respective Institutional
ReviewBoards and all subjects gave informedwritten consent to donate
the tissue. Studies on BAT/WAT were performed on healthy volunteers
at Turku University Hospital, Finland. Cohorts 1–4 were recruited and
human adipocyte cultures were set up at the Karolinska Institute,
Stockholm, Sweden. All described clinical studies were performed ac-
cording to the statutes of the declaration of Helsinki.

2.14. Statistical methods

All data are expressed asmeans± standard error of themean (SEM)
or standard deviation (SD) as noted. Significance was tested using 2-
way analysis of variance (ANOVA) (P b .05), Kruskal-Wallis with uncor-
rected Dunn's post hoc test, or Student's t-test using P b .05.
2.15. Data deposition

Array data were uploaded to the GEO repository and assigned GEO
accession number GSE131667. Supplementary files for “CD248 knock-
down in in vitro differentiated adipocytes exposed to hypoxia” were
assigned accession numbers GSM3801054-65.
3. Results

3.1. WAT CD248 expression is associated with metabolic disease

A query to the GTex Portal (Release V6p) of 53 human tissues
showed that CD248 transcripts are most abundant in WAT. This, to-
gether with its demonstrated role in different processes of possible rel-
evance forWAT, prompted us tomap the expression of CD248 in human
WAT. The associations between CD248mRNA levels and clinical pheno-
types were investigated in subcutaneousWAT samples from several in-
dependent cohorts. In 56 non-obese and obese women (cohort 1),
CD248 expression correlated significantly with body mass index (BMI)
(Fig. 1a). Hence, to evaluate additional clinical associations, BMIwas in-
cluded as an independent regressor inmultiple regression analyses. This
showed that CD248 was positively and BMI-independently associated
with plasma glucose, insulin, insulin sensitivity (HOMA-IR), triglyceride
levels, metabolic syndrome risk score (ATPIII) as well as fat cell volume
(an adipocyte phenotype linked to metabolic complications) [28]
(Table 1). The observed associations were strong, and the expression
of CD248 associated much better with measures of metabolic health
than BMI. In a second group of women (cohort 2), the expression of
CD248 in WAT was significantly lower two years after bariatric surgery,
as compared to before surgery (Fig. 1b, n=15). Furthermore, themRNA
levels were reduced below the levels observed in age- and BMI-
matched never-obese controls (Fig. 1b, n= 15). A BMI-independent as-
sociation between CD248 expression and metabolic health was further
supported by comparing the expression levels in samples of insulin sen-
sitive obese (ISO, n = 40) and insulin resistant obese (IRO, n = 40)
women (Fig. 1c, cohort 3) as well as non-obese men (cohort
4) subdivided into healthy (i.e. normal glucose tolerance, n = 13) and
type 2 diabetes categories (Fig. 1d, n = 14).
3.2. CD248 is associated with body weight only in the mature adipocyte
fraction and is not expressed in brown adipocytes

WAT is heterogeneous, consisting of various cell typeswheremature
adipocytes only constitute 20–40% of the cell population [3]. To map
CD248 expression, we compared CD248 levels determined by gene mi-
croarray in different cell fractions of human WAT using recently pub-
lished data [29]. This indicated that CD248 is expressed in all cell types
including adipocytes, adipocyte progenitors and leukocytes/macro-
phages (Fig. S1a). Using qPCR, CD248 was confirmed to be expressed
in whole WAT (Fig. 1e) and in the isolated mature adipocyte fraction
of the same individuals (Fig. 1f, n=34, cohort 5). In both cases, expres-
sion was significantly higher in the obese subjects (n = 15). In addi-
tional available samples (n = 11), CD248 was expressed in both the
stromal vascular fraction (SVF, consisting of all cell types inWAT except
mature adipocytes) and adipocytes (Fig. S1b, left panel). However, there
was no significant association between CD248 expression and BMI in
the SVF (Fig. 1g)while therewas a significant positive correlation in iso-
latedmature adipocytes (Fig. 1h). Results on gene expressionwere con-
firmed at the protein level by immunohistochemistry (Fig. 1i, left
panels). In contrast to WAT, CD248 was not detectable in human
brown adipose tissue (UCP1 staining used as a positive control, Fig. 1i,
right panels).

ncbi-geo:GSE131667


Fig. 1.Associations between CD248and clinical parameters. a. The association between CD248mRNAexpression (array signal) and BMI in cohort 1. b. The expression levels ofCD248 (array
signal) in cohort 2 in obesewomen before (bBS) and after (aBS) bariatric surgery comparedwith that in never-obese controls. Significant differences at p b .05 between groups by ANOVA
are indicated by connecting letters. c. The expression of CD248 (array) in cohort 3, obese women subdivided according to insulin sensitive (ISO) and insulin resistant (IRO). d. The
expression of CD248 (by quantitative RT-PCR, qPCR) in cohort 4 consisting of non-obese men subdivided into healthy and T2D groups. e-f. Expression of CD248 (by qPCR) in paired
samples from intact WAT (e) and isolated adipocytes (f) from cohort 5. g, h. Simple regression analyses of the association between BMI and CD248 (by qPCR) in stromal vascular cells
of WAT (g) and isolated adipocytes (h). i. Representative microphotographs of hematoxylin & eosin (H&E) (upper panels) stainings of paired samples of WAT and brown adipose
tissue (BAT) from adult human subjects. Immunohistochemistry of UCP1 and CD248 are shown. Blue represents DAPI staining of nuclei. Scale bar = 25 μm. In panels a, g and h, R2-
and p-values are shown. In panels c-f, significant differences were determined by Student's unpaired t-test, * = p b .05, ** = p b .01 and **** = p b .0001.
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Table 1
Associations between clinical andWAT secretion parameters and CD248 gene expression
by genemicroarray and BMI. Results are derived from cohort 1. Analyses were performed
bymultiple regression using CD248 and BMI as independent regressors and each clinical/
WAT variable as dependent regressor. Results are presented as standardized beta-coeffi-
cients and p-values for CD248 and BMI, respectively. Note that CD248 displays signifi-
cantly stronger associations with every parameter compared with BMI.

Independents

CD248 BMI

Std. β P Std. β P

P-glucose 0.70 0.00003 −0.18 0.250
P-insulin 0.52 0.0002 0.27 0.046
Log HOMA-IR 0.56 0.00003 0.27 0.032
Log P-triglycerides 0.49 0.004 0.11 0.511
HDL −0.25 0.117 −0.41 0.014
ATPIII risk score 0.50 0.0007 0.24 0.091
Adipocyte size 0.31 0.009 0.55 0.00001
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3.3. CD248 expression is associated with expression of genes involved in ex-
tracellular matrix remodelling and inflammation

The strong association between CD248 expression and metabolic
health prompted us to perform further bioinformatic studies in order
to identify potential underlying mechanisms. Correlation analyses in
gene microarrays were compared in non-obese and obese individuals
(cohort 1). This demonstrated that 208 geneswere positively associated
(Fig. 2a) and only 33 were negatively associated (Fig. 2b) with CD248
expression, independently of body weight status. The latter set of
genes was not enriched for any specific pathway. In contrast, in both
non-obese and obese individuals, the genes positively correlated with
CD248were enriched in pathways involved in ECM remodelling and in-
flammation (Fig. 2c). A link to inflammation was supported by an anal-
ysis of ex vivo secretion from human WAT of CCL2 and IL6 (two pro-
inflammatory adipokines), demonstrating their BMI-independent asso-
ciation with CD248 expression (cohort 1, Fig. 2d).

3.4. CD248 is involved inmediating the transcriptional response to hypoxia

Both ECM remodelling and inflammation are induced by hypoxia.
This, together with evidence in non-adipose cells that CD248 partici-
pates in driving these pathways [12,30], led us to hypothesize that
CD248 may be involved in regulating the transcriptional response to
hypoxia in adipocytes. To test this, human in vitro differentiated adipo-
cytes (day 10 post-induction)were transfected with non-silencing con-
trol or CD248-targeting siRNAs. RNAi (up to at least 72 h post-
transfection) did not affect adipocyte differentiation as determined by
Oil Red-O staining (Fig. S1c). After 48 h, cells were incubated in
normoxic (21% O2) or hypoxic (1% O2) conditions for an additional
24 h before harvesting the RNA. CD248 protein and mRNA were sup-
pressed to almost undetectable levels by the specific siRNAs (Fig. S1d).
Principal component analyses of genemicoarrays from the RNA demon-
strated a clear separation between the four conditions wherein the first
principal component (PC1) separated normoxic versus hypoxic condi-
tions and PC2 separated the gene knockdowns (Fig. 3a). CD248 knock-
down resulted in both attenuated and increased gene expression in
response to normoxia or hypoxia (Fig. 3b). However, there was a pro-
portional shift in the directionality depending on the oxygen level, as
CD248 knockdown resulted predominantly in reduced gene expression
in normoxia but increased gene expression in hypoxia (Fig. 3b). Based
on our hypothesis that CD248 impacted on the hypoxic response, we
analyzed genes regulated by CD248 knockdown in hypoxia (Fig. 3c). Hi-
erarchical clustering of these genes identified two major clusters; the
first one consisted mainly of genes that were regulated by CD248 inde-
pendently of oxygen levels (upper half of the heatmaps in Fig. 3c,
consisting of 139 and 140 genes, respectively from the Venn diagrams
in panel 3b). However, in the second one (lower half of both heat
maps in Fig. 3c, consisting of 174 and 362 genes, respectively from
panel 3c), transcripts were significantly regulated by hypoxia in control
cells but the response was markedly attenuated upon CD248 knock-
down. This suggests that CD248 modulates the response to hypoxia in
human adipocytes. This was confirmed in additional experiments dem-
onstrating that the promoter activity (Fig. 3d) of HIF-1α, the central
transcriptional regulator of hypoxia [31], was attenuated following
CD248 knockdown in cells incubated under low oxygen tension.

3.5. Cd248 deficiency protects against high fat diet-induced insulin resis-
tance and WAT dysfunction

Toobtain further insights into the in vivo relevance of CD248 inWAT,
we developed a set of gene knockout (KO) models. Similar to the find-
ings in human tissues, Cd248 was clearly expressed in WAT but not in
BAT (Fig. S2a, b). Cd248 in cells from the SVF and mature adipocytes of
epi-gonadal and inguinal WAT from mice, was distributed similar to
that from humans (Fig. S1b, right panel). We confirmed that the global
knockout of Cd248 in mice [12] resulted in lack of Cd248 in WAT at the
protein level (Fig. S2b, c) and all other surveyed tissues at the gene
expression level (Fig. S2d). As compared to wild-type (WT) littermates,
whole body Cd248−/− animals displayed attenuated body weight gain
upon high fat diet (HFD), in the absence of changes in food intake
(Fig. S3a, b). At 17 weeks of age, HFD fed Cd248−/− mice were signifi-
cantly leaner (Fig. S3c), and plasma levels of adipocytokines Ccl2 and
IL-6were lower (Fig. S3d).Cd248−/−micehad improved glucose toler-
ance and a trend towards improved insulin sensitivity compared with
WT littermates (Fig. S3e, f). At sacrifice, the livers of the WT mice on
the HFD were approximately twice the weight of those from the KO
mice, with gross and histologic evidence of increased fat deposition
(Fig. S3g). iWAT fat pads from the HFD-fed Cd248−/− mice were signif-
icantly reduced in weight (Fig. S3h). Similarly, epi-gonadal (gWAT),
mesenteric (mWAT) and subcutaneous (sWAT) fat pads from the
HFD-fed Cd248−/− mice weighed slightly less as compared to those
from WTmice.

Since Cd248 is expressed in several different tissues, the globalCd248
KO model was limited in terms of identifying underlying mechanisms.
To specifically assess the role of Cd248 in mature adipocytes, a
tamoxifen-inducible adipocyte-specific knockout model was devel-
oped. In these animals, tamoxifen injection resulted in a virtually com-
plete KO of Cd248 specifically in adipocytes, as confirmed 2 weeks
after injection (not shown) and after 8-weeks of HFD (Figs. S4a, b,
S2d). In contrast to the genotype effect of the HFD in the Cd248−/−
mice, there was no significant difference in total body weight between
animals injected with tamoxifen or oil (Fig. 4a). There were also no dif-
ferences in average fat cell size in the epi-gonadal WAT depot (Fig. 4b).
Even more prominent than with the whole-body KOs, there was a sig-
nificant improvement in both glucose (Fig. 4c, d) and insulin tolerance
(Fig. 4e, f) in the tamoxifen-treated animals. Immunohistochemistry
of WAT showed that tamoxifen-treated animals displayed an attenu-
ated hypoxic response, evidenced by a significant reduction in
pimonidazole staining (Fig. 4g). There was also a reduction in overall
HIF-1α protein levels although there was no obvious difference in nu-
clear staining (Fig. 4h). Interestingly, microvessel density as measured
by CD31 staining, was significantly increased in WAT of the
tamoxifen-treated animals (Fig. 4i). Macrophage infiltration, quantified
by F4/80 staining (Fig. 4j), was also lower in adipocytes lacking Cd248,
with a significant reduction in the M1/M2 ratio, measured by CD68/
CD163 staining, respectively. In addition, fibrosis/ECM deposition, as
shown by picrosirius staining of collagens (Fig. 4k), was lower. An im-
provement in WAT phenotype was further corroborated by higher
plasma levels of circulating adiponectin (Fig. S4c). There was also histo-
logic evidence of reduced lipid accumulation in the liver (Fig. S4d), but
this was not corroborated by a reduction in levels of hepatic triglycer-
ides. Moreover, the pattern of hepatic gene expression was not



Fig. 2. Pathway analyses of the CD248-associated transcriptome in humanWAT. Investigations were performed using transcriptomic data from cohort 1. a, b. Venn diagrams detailing the
number of genes positively (a) and negatively (b) associatedwith CD248 expression in non-obese and obese subjects. c. Pathway analyses of the genes positively associatedwith CD248 in
non-obese (upper panel), non-obese and obese combined (middle panel) and obese (lower panel) summarized in radar charts. Numbers of genes within each pathway are indicated in
parentheses. The percentage of identified genes within each pathway are shown in blue while the p-value (after Bonferroni correction) is indicated in light red. d. Multiple regression
analyses of the correlation between CD248 (by array) and secreted levels of CCL2 and IL6 from intact WAT pieces. Standardized beta-coefficients and p-values after correction for BMI
are shown.
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Fig. 3. Transcriptomic analyses of human adipocytes in relation to CD248 knockdown and hypoxia. Human adipocyteswere differentiated in vitro and transfected at day 10 post-induction
with siRNA oligonucleotides directed against CD248 (siCD248) or non-silencing control (Ctrl). After 48 h, cells were exposed to hypoxia (1% O2) or continued normoxia (21% O2) for 24 h.
After this, cells were lysed and RNA subjected to gene microarray analyses. a. Principal component analysis demonstrating a clear separation between samples based on both CD248
knockdown and hypoxia. b. Venn diagram of the number of genes significantly (FDR 5%) down- (upper panel) or up-regulated (lower panel) by CD248 knockdown and hypoxia. c.
Heat-map summarizing the log2-fold changes of the genes significantly (down- or up-) regulated by CD248-knockdown under hypoxic conditions. d. HIF-activity was determined by a
luciferase-based hypoxia-response element (HRE) assay in human adipocytes treated as described above. *** = p b .001.
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Fig. 4.Metabolic role of adipocyte Cd248 in response to high fat diet. a. Adiponectin-cre-ERT2:Cd248lox/loxmicewere treatedwith Oil or tamoxifen x 5 d at the age of 6wks, followed 2wks
later by introduction of a HFD. Weights were monitored weekly. b. Analysis of histologic sections of epi-gonadal adipocytes revealed no differences in adipocyte weight at the end of the
HFD. c, d. Insulin tolerance tests (ITT) and e, g glucose tolerance tests (IPGTT) performed at the end of the HFD, showed that deletion of adipocyte Cd248 confers significant protection
against insulin resistance and glucose intolerance. g-k. Representative histologic stains of epi-gonadal WAT are shown for pimonidazole (hypoxia), HIF-1α, CD31, F4/80
(macrophages), and picrosirius red (collagens) (scale bars = 50 μm), with corresponding quantifications, including the M1/M2 ratio based on CD68/CD163 staining. Each point
represents data from a single mouse. * = p b .05, ** = p b .01 and **** = p b .0001.
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Fig. 5.Reversal ofHFD-induced glucose intolerance and insulin resistance bydeletion of adipocyte Cd248. a. Adiponectin-cre-ERT2:Cd248lox/loxmice and Cd248lox/loxmicewere started on a
HFD from the age of 6 weeks. At 11weeks of age, when the IPGTT and ITTs were similar (not shown), all mice were treatedwith tamoxifen x 5 days. Weights weremonitored weekly. No
weight differenceswereobserved. b. Analysis of histologic sections of gonadal adipocytes revealed nodifferences in adipocyteweight at the end of theHFD. c, d. Insulin tolerance tests (ITT)
and e, f glucose tolerance tests (IPGTT) performed at the end of theHFD, showed that deletion of adipocyte Cd248 reversed theHFD-induced insulin resistance and glucose intolerance. g-k.
Representative histologic stains of epi-gonadalWAT are shown for pimonidazole (hypoxia),HIF-1α, CD31, F4/80 (macrophages), and picrosirius red (collagens) (scale bars=50 μm),with
corresponding quantifications, including the M1/M2 ratio based on CD68/CD163 staining. Each point represents data from a single mouse. * = p b .05, ** = p b .01.
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influenced to any significant degree in the tamoxifen-treated animals
(Fig. S4e).

3.6. Attenuated Cd248 expression in the obese state reverses impaired glu-
cose metabolism

Finally, in order to determine whether suppression of Cd248 in the
obese state would confer improvements in glucometabolic disease, we
induced an adipocyte-specific KO five weeks after initiating a HFD, by
administering tamoxifen to Cd248lox/lox mice carrying (Cre+/−) or not
carrying (Cre−/−) the adiponectin cre-ERT2 transgene. Analyses over
the subsequent 6 weeks showed that there was a transient but similar
dip in body weight in both groups immediately after the first tamoxifen
injection. This was followed by a comparable increase with no signifi-
cant differences in body weight at the time of sacrifice (Fig. 5a) when
adipocyte-specific Cd248 excisionwas confirmed (Figs. S4f, g, S2d). Sim-
ilar to the findings in Fig. 4, adipocyte-specific excision of Cd248 from
WAT after obesity was established, did not affect fat cell size (Fig. 5b).
Notably, there was again a significant improvement in glucose (Fig. 5c,
d) and insulin (Fig. 5e, f) tolerance. This was also associated with a re-
duction in pimonidazole (Fig. 5g) and HIF-1α staining (Fig. 5h) as well
as increased microvessel density detected by CD31 staining (Fig. 5i).
Again, there was less macrophage infiltration, a reduction in the M1/
M2 ratio, and diminished fibrosis (Fig. 5j, k). Also in this model, lack of
Cd248 resulted in increased circulating plasma and WAT mRNA levels
of adiponectin (Fig. S4 h). There was again reduced hepatic fat accumu-
lation by histology (Fig. S4i), but without an effect on hepatic levels of
triglycerides, and without significant changes in hepatic gene expres-
sion (Fig. S4j).

4. Discussion

The mechanisms underlying the close link between metabolic dis-
ease and the perniciousWAT triad (hypoxia, inflammation and fibrosis)
have been unclear. The present study suggests that CD248 acts as a com-
mon mediator in this process by affecting several pathways involved in
tissue remodelling, possibly by affecting the transcriptional response to
hypoxia in adipocytes and modulating the vascularity of WAT. The ob-
servation that metabolic health, glucose homeostasis and WAT pheno-
type can be improved by selectively down-regulating adipocyte
CD248, makes it an attractive target for future drug development.

In the GTex data base, which includes N50 tissues, CD248 displays
the highest expression levels in WAT. Despite this, the role of CD248
in WAT has not been studied. In our transcriptomic analyses of WAT,
obesity and associated metabolic complications correlated strongly
with increased CD248 expression, primarily in white adipocytes. Path-
way analyses of transcriptomic data from human WAT showed that
CD248 expressionwas positively associatedwith inflammation, ECM re-
modelling and angiogenesis. Increased adipose CD248 expression was
reversible, as demonstrated by the significant reduction following
weight loss induced by bariatric surgery. A causal link between CD248
and adipocyte function was confirmed in in vitro differentiated human
adipocytes following RNAi. In concordance with findings in non-
adipose cells and tissues (see Introduction), this suggested that CD248
augments the hypoxic response. This notion was supported by a signif-
icantly altered transcriptional response to hypoxia and blunted HIF-1α
activation following CD248 knockdown. It is worth noting that CD248
is particularly highly expressed in tumor stroma and WAT, tissue
types with marked expansion and remodelling potential. The observa-
tion that CD248+ cells from the adipose stromapromotewound healing
more efficiently than non-sorted or CD248− cells, support a direct role
of CD248 in tissue remodelling [13].

The pathophysiological role of CD248 was evaluated in vivo using
various transgenic and inducible models. Collectively, the results sug-
gest that Cd248 impacts on insulin sensitivity and glucose tolerance
via effects onWAT phenotype. Given that attenuated Cd248 expression
did not affect the increase in either body weight or fat cell size upon
HFD, the positive effects are not likely secondary to changes in adipo-
genesis but rather to other mechanisms that improveWAT function, in-
cluding hypoxic response, inflammation (reduced M1/M2 ratio) and
remodelling of the extracellular matrix. It is noteworthy, that
microvessel density in the WAT of Cd248 knockdowns was increased,
with a corresponding reduction in hypoxia as determined by
pimonidazole staining. While we also observed a reduction in HIF-1α
by immunohistochemistry, we did not observe a clear nuclear localiza-
tion in the WT animals and the gene expression of classical HIF-1α
target genes (Glut1, Vegfa, Plgf etc) was not different between geno-
types. Complex angiogenic responses to reduced Cd248 in mice have
been observed in several previous studies, i.e., in models of postnatal
hypoxia of the retina [32] and with several tumors, including glioblas-
toma [33], colon cancer [34] andmelanoma [32]. The differences in vas-
cularity/pimonidazole staining cannot depend on fat cell hypertrophy
as adipocyte sizewas not affected by loss of Cd248. Altogether, this sug-
gests that reduced adipocyte Cd248 expression impacts on several as-
pects of adipose vascularity and hypoxic response, the mechanisms of
which remain elusive. Indeed, the role of Cd248 in physiologic and path-
ologic angiogenesis is intricate, with context-dependent evidence of
pro- and anti-angiogenic properties [14]. It is therefore difficult to di-
rectly compare the effects of CD248 knockdown in vitro and in vivo.
Nonetheless, our findings indicate that suppression of adipocyte Cd248
confers beneficial effects on glucometabolic function by mechanisms
that involve, in the least, regulation of the hypoxic response and vascu-
lar remodelling. These changes may in turn attenuate pathways in-
volved in inflammation and ECM production.

Although reduction of adipocyte Cd248 expression did not affect he-
patic triglyceride levels, there was histologic evidence of attenuated he-
patic lipid deposition. This effect was probably secondary to the
improvement in WAT function, as plasma and WAT mRNA adiponectin
levels were increased and hepatic gene expression was not altered.
While the impact on hepatic fat was mild, it is possible that longer
HFD interventions (i.e. N8 weeks) could result in more pronounced
genotype-dependent differences. Importantly, the observed effects
were not secondary to tamoxifen per se as similar changes inWAT/met-
abolic phenotypeswere observed in the Cre+/−model whereWT litter-
mates received the same treatment. The adipocyte-specific KO/
knockdowns displayed larger improvements in glucose metabolism
compared with the whole body KO. Given that CD248 is expressed in
several different tissues and has been implicated in pathological pro-
cesses in e.g. the liver and kidney (see Introduction), the lung [35,36],
skin [37], vasculature [8], bone [6], and several tumors [34,38], it is pos-
sible that CD248 in non-adipose tissues and cellsmaymodulate its over-
all metabolic effects. Together with the human expression data, our
results from the inducible KOmice demonstrate that CD248 expression,
specifically in white adipocytes, plays an important role in whole body
metabolism. Nevertheless, the beneficial metabolic effects observed in
whole body KO animals underlines the potential value of testing
CD248 antagonists/blocking antibodies to treat obesity-related meta-
bolic disease.

Despite the fact that CD248 was identified almost three decades
ago and has been extensively studied both in vitro and in vivo, the
molecular mechanisms by which CD248 exerts its effects are not
yet fully delineated. As noted above, this is further exemplified by
its complex role in angiogenesis [14]. However, there are strong
data showing that components of the ECM, including fibronectin,
collagen type 1, collagen type IV, and multimerin-2 play an impor-
tant role by binding to CD248, altering growth factor-triggered cel-
lular responses to hypoxia, inflammation and injury [39–42]. In line
with this, isolated stromal fibroblasts and perivascular cells lacking
CD248 are resistant to the pro-migratory properties of platelet de-
rived growth factor (PDGF)-BB [40,41], release lower amounts of
active matrix metalloproteinase-9 [39] and angiogenic and chemo-
tactic factors [8], deposit less collagen, and exhibit a blunted
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response to the pro-fibrotic effects of TGFβ [15]. While the signal-
ling pathways of CD248 remain largely unknown, they may involve
activation of ERK1/2, dampening of tumor suppressor genes [41],
and upregulation of Src/PI-3 kinase and c-fos via co-operation
with PDGF-BB [40]. CD248 signalling may therefore be induced to-
gether with other cell membrane bound receptors through ECM
binding where the number of interactions are increased in the
growing tissue. The cytoplasmic tail of CD248 participates in its bi-
ological effects, as mice lacking this domain phenocopy the full-
gene knockout [12,41]. An improved understanding of the signal-
ling mechanisms induced by CD248 is essential to define its role
in WAT and whether adipocyte-specific targeting approaches are
feasible.

Themechanisms that regulate CD248 expression and function remain
unclear at the moment. The BMI-independent association between
CD248 and fat cell volume in human WAT suggests that increased fat
cell size may trigger its gene expression. Although it is well established
that increased fat cell size associates with a number of processes, includ-
ing insulin resistance, hypoxia, inflammation and fibrosis, very little is
known about how increased adipocyte volume induces these changes.
Moreover, the observation that Cd248 knockdown did not impact on
cell size in murine WAT, indicates that if there is a causal link between
adipocyte size and CD248 expression, it is uni-directional (i.e. cell size
may affect CD248 expression but not vice versa). Additional factors that
could affect CD248 expression may include epigenetic mechanisms. An
unresolved question is whether transient vs chronic overexpression of
CD248 in white adipocytes plays different roles. It is possible that tran-
sient CD248 activation enables physiological WAT remodelling but that
chronic overexpression leads to a pernicious WAT phenotype. Although
we acknowledge that these are all important points to address, itwas be-
yond the scope of the present study to identify the factors involved in the
transcriptional regulation of CD248.

Taken together, we identify adipocyte CD248 as a potent modulator
of insulin sensitivity. Enlarged adipocytes express higher levels of
CD248, possibly to transduce signals needed for WAT remodelling. In
obesity, this may lead to an unresolved hypoxic response, inflammation
and fibrosis which is abrogated by Cd248 knockdown/KO. CD248 may
therefore constitute a potential target to rescue malfunctioning WAT
and improve metabolic health.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.05.057.
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