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Summary
Background In spite of new treatments, the incidence of type 2 diabetes (T2D) and its morbidities continue to rise.
The key feature of T2D is resistance of adipose tissue and other organs to insulin. Approaches to overcome insulin
resistance are limited due to a poor understanding of the mechanisms and inaccessibility of drugs to relevant
intracellular targets. We previously showed in mice and humans that CD248, a pre/adipocyte cell surface glyco-
protein, acts as an adipose tissue sensor that mediates the transition from healthy to unhealthy adipose, thus pro-
moting insulin resistance.

Methods Molecular mechanisms by which CD248 regulates insulin signaling were explored using in vivo insulin
clamp studies and biochemical analyses of cells/tissues from CD248 knockout (KO) and wild-type (WT) mice with
diet-induced insulin resistance. Findings were validated with human adipose tissue specimens.

Findings Genetic deletion of CD248 in mice, overcame diet-induced insulin resistance with improvements in
glucose uptake and lipolysis in white adipose tissue depots, effects paralleled by increased adipose/adipocyte
GLUT4, phosphorylated AKT and GSK3β, and reduced ATGL. The insulin resistance of the WT mice could be
attributed to direct interaction of the extracellular domains of CD248 and the insulin receptor (IR), with CD248
acting to block insulin binding to the IR. This resulted in dampened insulin-mediated autophosphorylation of
the IR, with reduced downstream signaling/activation of intracellular events necessary for glucose and lipid
homeostasis.

Interpretation Our discovery of a cell-surface CD248-IR complex that is accessible to pharmacologic intervention,
opens research avenues toward development of new agents to prevent/reverse insulin resistance.
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Research in context

Evidence before this study
Type 2 diabetes (T2D) is an increasingly common, chronic
inflammatory disorder that is strongly linked to a heightened
risk of multiple disorders, including coronary heart disease,
peripheral vascular disease, stroke, retinopathy, kidney failure
and cancer. The central mechanism underlying T2D is
resistance of key organs, including adipose tissue, to the
activities of insulin. Insulin normally mediates its effects on
glucose and lipid metabolism by binding to a cell surface-
expressed insulin receptor and inducing its
autophosphorylation, whereupon a cascade of intracellular
events are triggered that maintain metabolic homeostasis.
Current understanding of the mechanisms of insulin
resistance is limited, but has been focused on disturbances in
the function(s) of intracellular components of the insulin
cascade. Drugs that can access these targets are challenging to
develop, and thus there are currently none in clinical use for
T2D that specifically overcome insulin resistance.
Identification of pathways that regulate insulin sensitivity
that are more accessible to pharmacologic intervention would
predictably be of huge value.
CD248 is a transmembrane glycoprotein that is expressed on
the surface of pre/adipocytes. We recently showed that
CD248 is a sensitive marker of adipocyte function, increased
levels of which in humans and mice, result in disturbances in
glucose and lipid metabolism, and which are tightly correlated
with insulin resistance and obesity. Deletion of CD248 in
murine adipocytes reduces white adipose tissue hypoxia,
inflammation and fibrosis, and improves glucose tolerance
and insulin sensitivity. The mechanisms by which this cell-
surface expressed glycoprotein, CD248, modulates insulin
sensitivity, has not been explored.

Added value of this study
Our findings add considerably to our current body of
knowledge of the impact of CD248 on insulin signaling and
glucose and lipid metabolism, and uncover an entirely new
and more readily accessible strategy to treat T2D.

Using the gold-standard insulin clamps in diet-induced insulin
resistant mice, we first determined that lack of CD248
improves glucose metabolism by enhancing insulin sensitivity
in the liver to suppress glucose production and in white
adipose tissue to stimulate glucose uptake. The effects on
glucose uptake were validated ex vivo in tissue explant
experiments, where we also showed that CD248 interferes
with insulin-induced lipolysis in white adipose tissue.
Explaining these CD248-dependent effects on metabolism,
Western blot analyses of adipose tissue and primary pre/
adipocytes from the mice demonstrated that CD248
interferes with the two canonical insulin signaling pathways,
i.e., via the Ras/MAPK pathway and the AKT-PI3 kinase (PI3K)
pathway. These effects were evident in males and to a lesser
extent in females, as well as in primary adipocytes from obese
humans. Involvement of both canonical pathways suggested
that CD248 acts “high up” in modulating insulin signaling.
Our investigations then led to the major discoveries that the
extracellular domains of CD248 interact directly with the
extracellular region of the insulin receptor, and that CD248
blocks insulin binding to the insulin receptor and dampens
insulin-induced phosphorylation of the insulin receptor.

Implications of all the available evidence
This study uncovers a mechanism by which CD248 promotes
insulin resistance, i.e., its presence confers resistance to
insulin-induced downstream activation/phosphorylation of
insulin-dependent pathways, manifest most frequently in the
setting of obesity, by disorders of glucose uptake and lipid
metabolism that are observed in T2D. The implications are
that reversal of this insulin resistant state may be achieved by
reducing CD248 expression and/or by blocking the interaction
of CD248 with the insulin receptor. The fact that the
interaction of CD248 and the insulin receptor occurs on the
cell surface, provides a uniquely accessible potential
therapeutic target to prevent/reverse insulin resistance and to
improve metabolic health.
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Introduction
Type 2 diabetes (T2D) is a chronic inflammatory disease
that is associated with multiple morbidities, including in
particular, a heightened risk of cardio-cerebro-vascular
disorders, thrombosis and cancer.1–3 More than 450
million people are living with diabetes, a number ex-
pected to grow to ∼650 million by 2040. A key feature of
T2D is resistance of adipose tissue and other organs to
insulin, often accompanied by hyperinsulinemia.4

Insulin controls key metabolic activities, including
inducing glucose uptake, glycogenesis and lipogenesis,
inhibiting lipolysis, stimulating protein synthesis, and
enhancing adipogenesis.5–7 Its effects are mediated via
cell surface-expressed tyrosine kinase receptors, trig-
gering signaling cascades leading to a plethora of
cellular responses, dysregulation of which are believed
to result in the associated morbidities. Thus, for
example, the increased risk of cancer in T2D is likely
due in part to sustained insulin-induced signaling that
promotes pathologic angiogenesis, dysregulated cell
differentiation and proliferation, with alterations in cell
metabolism.8 Mechanisms that regulate insulin
signaling are incompletely understood, as are those that
underly insulin resistance.9 It is known however, that
with obesity and white adipose tissue (WAT) expansion,
extracellular matrix remodeling occurs.10 This is associ-
ated with inadequate angiogenesis11 due to microenvi-
ronmental hypoxia, the latter which is accompanied by
dampened adipogenesis and dysregulated expression
and/or activation of the insulin receptor (IR).12,13
www.thelancet.com Vol 99 January, 2024
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Adipocytes become dysfunctional with multiple
changes, including mitochondrial disturbances, reduced
adiponectin release, upregulation of pro-apoptotic and
pro-fibrotic genes, increased release of cytokines and
adipokines, infiltration with pro-inflammatory cells and
suppression of preadipocyte differentiation.14 The asso-
ciated disturbances in glucose metabolism and insulin
sensitivity may occur early, even before evidence of
inflammation.

CD248 is a multi-domain, transmembrane glyco-
protein expressed on the surface of pre/adipocytes,
perivascular cells and macrophages. From studies with
gene targeted mice, we and others showed that CD248
participates in hypoxic regulation and angiogenesis,15–18

and promotes inflammation, fibrosis, and tumorigen-
esis. Mice lacking CD248 (KO) are healthy and protected
against tumor growth,16,19,20 atherosclerosis,21 arthritis,16

thrombosis,22 liver and renal fibrosis23–25 and lipid
accumulation.26 We also recently reported that mice
lacking CD248 either globally or specifically in mature
adipocytes, are resistant to high fat diet (HFD)-induced
weight gain, and are protected against insulin resis-
tance, glucose intolerance and steatosis.18 Notably, WAT
health, insulin sensitivity and glucose tolerance could be
restored to normal after onset of HFD-induced diabetes
by genetically excising CD248 from the mature adipo-
cyte. The relevance of CD248 in glucometabolic health
in humans was confirmed by studies of several inde-
pendent clinical cohorts, showing that CD248 expres-
sion in adipocytes strongly and directly correlates with
dysfunctional WAT and insulin resistance.18

Our findings that CD248, a pre/adipocyte cell surface
expressed protein, acts as an adipose tissue sensor that
mediates the transition from healthy to unhealthy adi-
pose, thus promoting an insulin resistant state,
prompted us to investigate the underlying molecular
mechanisms. In this report, we show that the extracel-
lular region of CD248 directly interacts with the IR,
thereby dampening binding affinity of insulin to the
receptor, interfering with its insulin-triggered auto-
phosphorylation, and reducing downstream insulin-
mediated activation of key substrates. This leads to
adverse effects on glucometabolic function and lipid
metabolism. The findings uncover a previously unrec-
ognized molecular explanation for insulin resistance
and thus a potential therapeutic strategy to reverse/
prevent insulin resistance.
Methods
Mice
Mice lacking CD248 (KO) on a C57Bl6 background were
previously generated and genotyped as described.16

Heterozygous (CD248+/−) mice were interbred to
generate CD248+/+ (WT) and KO littermates, which
were used in all studies. Sexes and ages were matched
in all studies. Experiments involving mice were
www.thelancet.com Vol 99 January, 2024
approved by the Institutional Animal Care Committee
of UBC. Mice were housed in the Centre for Disease
Modeling at the University of British Columbia, which
is a 12:12 light:dark cycled, temperature and humidity-
controlled, specific pathogen-free animal facility and
with ad libitum access to food and water. At 8–9 weeks
of age, mice were fed either a high-fat diet (HFD,
D12492, 60% fat caloric content, Research Diets, New
Brunswick, NJ, USA) or a normal chow diet (NCD,
2918, 18% fat caloric content, Harland Laboratories,
Madison, WI, USA) for 2 weeks, after which they were
either fasted or allowed continued access to food for 5 h.
The animals were then euthanized with an anaesthetic
overdose. Experiments were performed by personnel
blinded to the genotype. The fat, muscle and liver were
immediately removed, and blood was collected in tubes
containing EDTA or Na-Citrate (final concentration of
0.2% and 3.2% of blood, respectively) via cardiac punc-
ture of the right ventricle. Plasma insulin levels were
quantified by enzyme-linked immunosorbent assay
(mouse Insulin ELISA Kit, Mercodia, Uppsala, Sweden),
according to the manufacturer’s instructions. Excised
tissues were either immersed in liquid nitrogen and
kept frozen at −80 ◦C for future processing of the whole
tissue or alternatively, processed immediately for
glucose uptake and lipolysis assays, or the isolation of
stroma vascular fraction (SVF) cells and preparation of
preadipocytes.

Proteins and antibodies
Details of proteins and antibodies are provided in
Supplemental Tables S1 and S2. All antibodies used
were validated, as evidence by cited references.

Hyperinsulinemic-euglycemic clamp experiments
Hyperinsulinemic-euglycemic clamp experiments (“in-
sulin clamps”) were conducted in a cohort of mice to
assess the role of CD248 in whole-body and WAT-
specific insulin sensitivity and glucose utilization
in vivo. Surgical and experimental protocols for mice
undergoing insulin clamps were approved by the Ani-
mal Use and Care Committee at the University of
Alberta. Anesthetized male mice (ketamine 90 mg/kg
and 10 xylazine mg/kg), randomly ordered from the 2
genotypes, underwent vascular catheterizations
following aseptic techniques to allow for intravenous
infusions and blood sampling. Insulin clamp experi-
ments were performed approximately 6 days after sur-
gery when mice resumed pre-surgical daily food
consumption amounts and were at least 90% of their
presurgical body weight. Mice were fasted for 5 h prior
to the start of experiments. A primed, intravenous
infusion of [3-3H]-glucose (2 μCi bolus + 0.1 μCi/min;
NET331C, PerkinElmer, Boston, MA, USA) was started
at t = 0 min and maintained for the duration of the
experiment to measure glucose kinetics. The basal
period was defined as t = 40–60 min, inclusive. At
3
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t = 60 min, a primed insulin infusion (2.0 mU/kg/min;
Sigma I1553) was initiated with a concurrent variable
infusion of glucose solution to maintain euglycemia.
Plasma glucose concentrations were measured every
10 min for the duration of the clamp using a glucose
analyzer (GM9, Analox Technologies North America,
Toronto, ON, Canada). The clamp period was defined as
t = 150–180 min, inclusive. To measure WAT-specific
glucose utilization during hyperinsulinemia, a bolus of
2-[14C]-deoxyglucose (12 μCi; NEC720A, PerkinElmer)
was then intravenously injected at t = 180. Mice were
anesthetized and euthanized 35 min after 14C-deoxy-
glucose injection. Epididymal (e)WAT and quadriceps
muscle samples were collected and immediately flash
frozen in liquid nitrogen and stored at −80 ◦C until
analysis. Plasma [3-3H]-glucose and 2-[14C]-deoxyglucose
radioactivity were measured from deproteinized sam-
ples via liquid scintillation counting. Plasma insulin
levels were taken from blood samples obtained just prior
to t = 0 min and during the clamp period were
measured using ELISA (80-INSMS, ALPCO, Salem,
NH, USA). Tissue 2-[14C]-deoxyglucose and 2-[14C]-
deoxyglucose-phosphate radioactivity were determined
from supernatants of centrifuged tissues samples ho-
mogenized in 0.5% perchloric acid and neutralized with
5 N potassium hydroxide solution and normalized to
tissue weight.

Isolation and culture of primary murine pre/
adipocytes
Preadipocytes derived from WT and KO mice were
isolated and validated as to their origin, as previously
described with slight modifications.27 Briefly, freshly
excised eWAT from non-fasted mice was weighed,
washed, minced and incubated with 0.2% collagenase
type I in working solution (20 mM HEPES,
5 mM KH₂PO₄, 1 mM MgSO₄, 1 mM CaCl₂, 136 mM
NaCl, 4.7 mM KCl, 209 μM adenosine power, 2% BSA,
pH 7.4) at 37 ◦C in a shaking water bath for 45 min.
The reaction was stopped by adding 3 volumes of
working solution to the digested fat tissue, followed by
passage through 100 μm and 70 μm cell strainers,
followed by centrifugation. The floating mature adi-
pocytes were aspirated, washed twice with sterile PBS,
centrifuged at 500g at 4 ◦C and lysed for RNA extrac-
tion using the RNeasy Mini kit (Qiagen, Mississauga,
ON, Canada). The pellet representing the SVF was
resuspended in DMEM/F12. Cells were filtered,
centrifuged, resuspended in growth media and coun-
ted. The Adipose Tissue Progenitor Isolation kit (Mil-
tenyi Biotec, San Diego, CA, USA) was used to isolate
the adipocyte progenitor cells from non-adipogenic
cells according to the manufacturer’s instructions.
Briefly, the cell suspension was centrifuged at 300g for
5 min, and the supernatant was aspirated. Cells were
resuspended, filtered and then incubated with the
provided Non-adipocyte Progenitor Depletion cocktail
for 15 min at 4 ◦C. The total reaction volume was
adjusted to 500 μL, and the cell suspension was applied
to a pretreated LS Column placed in the MACS Sepa-
rator. Flow-through unlabeled cells were collected and
incubated with Isolation Cocktail at 4 ◦C in the dark for
15 min and applied to a MS Column. After being
washed, the remaining cells representing adipocyte
progenitors, were flushed from the MS Column. Cells
were grown in T75 cell culture flasks in complete
medium (DMEM/f12 high glucose medium supple-
mented with 10% FBS, 100 U/mL penicillin and 100 g/
ml streptomycin), at 37 ◦C in 5% CO2. At 75%
confluence, the adipocyte progenitor cells (pre-
adipocytes) were treated with 0.25% Trypsin-EDTA and
sub-cultured for experimental use at passages 2 to 3.

Quantitative qRT-PCR to measure CD248
transcripts
The qScript cDNA synthesis kit (Quanta Biosciences,
Gaithersburg, MD, USA) was used to generate cDNA
from isolated RNA. Relative transcript levels were
analyzed using the StepOnePlus Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA) and Custom
pre-designed primers (Taqman® Gene Expression As-
says, ThermoFisher Scientific) for the genes of interest,
CD248 (mouse Cd248 primer, Mm00547485_s1 Taq-
man gene expression assays) and the housekeeping
gene GAPDH (mouse Gapdh primer, Mm99999915_g1
Taqman gene expression assays). Gene expression levels
were normalized to GAPDH from the same sample. All
experiments were performed in triplicate.

Isolation and culture of murine embryonic
fibroblasts (MEFs)
MEFs were isolated from 12.5 to 13.5 day old male WT
and KO murine fetuses as previously described.28

Briefly, fetuses were dissected, internal organs were
removed, and the remaining tissues were finely minced
in 10 ml of sterile PBS. The minced tissue was subjected
to two consecutive digestions in 0.25% trypsin-EDTA for
5 min at 37 ◦C, with the trypsin subsequently inactivated
in Dulbecco’s Modified Eagle Medium (DMEM) with
10% FBS. Digested tissue was plated onto 150 mm
culture dishes, and adherent cells maintained in MEF
basal media, consisting of DMEM (Life Technologies,
Carlsbad, CA) with 25 mM glucose supplemented with
10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate
and 100 U/ml penicillin-streptomycin. Cells were
passaged when 80% confluent, and used for experi-
ments between passage 2 and 5. The genotypes of the
MEFs were confirmed.16 As previously reported,
expression of CD248 protein and RNA by MEFs from
WT embryos and not from KO embryos, was confirmed
by immunofluorescent staining, Western blot, and qRT-
PCR.16
www.thelancet.com Vol 99 January, 2024
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Human adipose tissue donors
Human abdominal subcutaneous adipose tissue bi-
opsies were obtained from 10 subjects (9 women/1
man, BMI 30.5 ± 7.9 kg/m2, age 51 ± 16 yo). Participant
clinical and biochemical information are detailed in
Supplemental Table S3. Subjects were fasted overnight
and adipose tissue biopsies were performed by needle
aspiration from the lower part of the abdomen after
local dermal anesthesia with lidocaine (Xylocaine;
AstraZeneca; Södertälje, Sweden). Subjects with dia-
betes, other endocrine disorders, systemic illness, and
malignancy, as well as ongoing medication with
immune-modulating therapies and glucocorticoids,
were excluded from the study.

Human adipocyte isolation
Human adipocytes were isolated as previously
described.29 In brief, subcutaneous adipose tissue was
digested in collagenase solution (1.0 mg/ml, from
Clostridium histolyticum, Roche, Manheim, Germany) in
Hank’s medium (Medium 199, Gibco, Life Technolo-
gies, Paisley, UK) supplemented with 5.6 mM glucose,
4% bovine serum albumin (BSA, Sigma, MO, USA),
150 nM adenosine, pH 7.4, in a shaking water bath at
37 ◦C and 105 RPM. Following digestion with collage-
nase, the tissue was filtered through a nylon mesh and
mature adipocytes were isolated, washed 4 times, and
suspended in Hank’s medium.

Human adipocyte lysates and immunoblotting
Isolated adipocytes were stimulated with or without a
maximal insulin concentration (1000 μU/mL, 6 nM) for
15 min to prepare lysates, as previously described.30 In
brief, following incubation, the cells were separated
from the medium and lysed at 4 ◦C for 2 h in lysis
buffer (25 mM Tris-HCl, 0.5 mM EGTA, 25 mM NaCl,
1% Nonidet P-40, 1 mM Na3VO4, 10 mM NaF (all from
Sigma), 100 nM okadaic acid (Alexis Biochemicals,
Lausen, Switzerland), 1X Complete protease inhibitor
cocktail (Roche, Indianapolis, IN, USA), and pH 7.4).
Following centrifugation at 12,000 g, 15 min at 4 ◦C, the
lysate was collected and the protein concentration was
determined using a BCA protein assay kit (Pierce,
Thermo Scientific, Rockford, IL, USA). Protein lysates
(15 μg) were separated by SDS-PAGE (5–8% gradient,
BioRad), transferred to nitrocellulose membranes, and
blocked with 0.05% tween-phosphate buffer saline with
5% BSA. Membranes were incubated overnight in the
solution of the primary antibodies: anti-CD248 (1:1000
Proteintech 60170-1-Ig), phospho-S473 AKT (1:1000,
Cell Signaling 9271S), and total AKT (1:1000, Cell
Signaling 9272S). Stain-free blot imaging was used to
quantify the total protein for each sample and used to
normalize total protein levels. Membranes were then
washed with PBST and incubated with appropriate
horseradish peroxidase-conjugated anti-rabbit and anti-
mouse (Cell Signaling Technologies) secondary
www.thelancet.com Vol 99 January, 2024
antibodies. Protein bands were visualized using
enhanced chemiluminescence with a high-resolution
field and quantified with ChemiDocTM MP System
(BioRad).

Glucose uptake analyses
Glucose uptake in tissues was measured using a
fluorescent D-glucose analogue 2-[N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG,
Invitrogen, OR, USA) by methods previously described
with slight modifications.31 Briefly, following eutha-
nasia, fat explants, liver and gastrocnemius muscle were
quickly excised. For WAT, sections were prepared with
the mouse brain slicer (Zivic Instruments, PA) and
washed with PBS. Liver and muscle homogenates were
prepared with the Micro Tissue Homogenizer (Argos
Technologies, Illinois, USA). Samples were incubated
with serum- and glucose-free DMEM for 1 h at 37 ◦C,
5% CO2 to deplete endogenous glucose stores. Subse-
quently, tissues were treated with insulin 800 nM or
vehicle and 200 μM of 2-NBDG for 1 h. In pilot studies,
the inclusion of 20 μM cytochalasin B, a specific inhib-
itor of GLUT proteins, revealed that nonspecific passive
glucose uptake was negligible. After exposure to
2-NBDG, fat tissue slices were washed three times with
serum- and glucose-free DMEM and counterstained
with Hoechst 33,342 (Invitrogen, Molecular Porbes).
Fluorescent images (×20 magnification) were detected
by laser-scanning confocal microscopy (Eclipse Ti,
Nikon, Tokyo, Japan) and quantified using ImageJ
software (NIH, Bethesda, MD, USA), with the negative
background chosen for the threshold setting. 2-NBDG
uptake in liver and muscle tissues was measured us-
ing a microplate reader (SPECTRA max Plus, Molecular
Devices) with excitation-emission detection of 465 nmex

and 540 nmemiss, respectively.

Tissue lipid and glycogen analyses
Lipolysis in eWAT, inguinal white adipocyte tissue
(iWAT), and retroperitoneal white adipocyte tissue
(rWAT) was measured via glycerol release using the
Free Glycerol Assay Kit (MAK117-1 KT, Sigma–Aldrich,
St. Louis, MO, USA). Briefly, fat explants were incu-
bated at 37 ◦C in 5% CO2 for 2 h in KRH buffer (pH 7.4)
with 2% albumin and fraction V fatty acids, and stim-
ulated with 1 mM isoproterenol for 3 h. The release of
glycerol was normalized to total protein levels. Tri-
glycerides and glycogen were measured using the tri-
glyceride quantification kit and glycogen assay kit II,
respectively, from Abcam (Cambridge, UK) according to
the manufacturer’s instructions.

Preparation of recombinant purified proteins
Recombinant soluble forms of human thrombomodulin
(TM) that comprise either the lectin-like domain (TMD1)
or the entire extramembranous region (TMD1-3),
and soluble CD248 that comprise the entire
5
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extramembranous region (sCD248), were expressed in
human embryonic kidney (HEK)293 cells and prepared
and characterized as previously reported.32,33 Recombi-
nant functionally intact human insulin receptor (IR) was
expressed in HEK293 T cells and purified as described.34

IR preparations were kept on ice and used within 6
weeks.

Phosphorylation of the insulin receptor
Insulin induced phosphorylation of recombinant hu-
man insulin receptor (IR) was performed as previously
reported with minor modifications.34 Reactions con-
taining 3.3 nM of the purified recombinant IR were
incubated with 3.3–33 nM of soluble fragments of
thrombomodulin (TMD1, TMD1-3) or sCD248 in buffer
C (20 mM Tris, pH 8, 200 mM NaCl, and 0.03% DDM
(n-Dodecyl-β-D-maltoside)). After a 20 min incubation at
room temperature, 50–200 nM of insulin was added for
10 min at room temperature. Phosphorylation reactions
were then initiated by the addition of 10X Kinase Buffer
A (10 mM ATP, 10 mM MgCl2 in buffer C). Reactions
were stopped at different time points by removing equal
volume aliquots and placing them immediately on ice
into 5X Laemmli buffer. At the end of the experiment,
equal quantities were separated by SDS-PAGE and
Western immunoblotting was performed to detect total
IR (rabbit anti-IRβ, Cat #3020S, Cell Signaling Tech-
nology, Beverly MA) and phosphorylated IR using an-
tibodies that specifically detect phosphotyrosines 1161/
1162 of the human IR (rabbit anti-insulin receptor
(pTyr1162/1163), EMD Millipore Cat#407707).

SDS-PAGE and western immunoblotting
Fat tissues (eWAT, iWAT and rWAT) were surgically
excised frommice, frozen in liquid nitrogen, pulverized,
and homogenized in RIPA buffer (30 mM Tris-HCl,
15 mM NaCl, 1% Igepal, 0.5% deoxycholate, 2 mM
EDTA, 0.1% SDS) containing protease and phosphatase
Inhibitor Cocktail (HALT, ThermoFisher Scientific, MA,
USA). The homogenates were centrifuged at 4 ◦C for
15 min at 18,000 g, after which the supernatant lysates
were collected and the protein concentrations were
determined using the BCA kit (ThermoFisher Scientific,
MA, USA). Equal amounts of protein (30–50 μg) were
loaded and separated under reducing or non-reducing
conditions by SDS-PAGE using 4–20% precast
gradient gels (Protean TGX, Bio-Rad) and wet trans-
ferred onto nitrocellulose membrane for 2 h at 100V or
at 4 ◦C overnight at 30V. Membranes were incubated for
1 h at room temperature with TBST (200 mM Tris,
1500 mM NaCl and 0.05% Tween-20, pH 7.4) contain-
ing 5% skimmed milk or 2% BSA, followed by incu-
bation with primary antibodies at 4 ◦C overnight. After
three washes with TBST, membranes were incubated
with the appropriate secondary antibodies (100 ng/ml
IRDye® 800 goat anti-rabbit or IRDye® 680 donkey
anti-mouse, Licor, Nebraska, USA) diluted in blocking
buffer for 1 h at room temperature. Detection was
accomplished using a Licor Odyssey® imaging system
(Licor, Nebraska, USA). Protein bands were processed
using ImageJ software (NIH, Bethesda, MD, USA).
Relative protein expression was obtained via normali-
zation with the corresponding total protein (for phos-
phorylated proteins) or with β-actin or GAPDH. All
experiments were performed a minimum of 3 times,
using fat isolated from different mice of the same age
and sex, as noted.

Insulin binding studies
Recombinant human insulin (Sigma, St. Louis, MO,
USA) was labeled with NHS-biotin using the EZ-Link
NHS-Biotin kit (Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s instructions.
Free biotin was removed by dialysis, and the concen-
tration of the remaining biotinylated insulin was quan-
tified with the BCA kit. Purified SVF cells derived from
the eWAT of WT and KO mice were seeded at a density
of 20 × 103 cells per well in 96-well plates. After two days
of culture, the cells were washed and equilibrated with
serum-free and low glucose medium for 30 min at
37 ◦C, 5% CO2. Cells were counted again to ensure
equal numbers for each genotype. Cells were incubated
at different intervals up to 120 min at 37 ◦C with 50 ng
of biotinylated insulin. Nonspecific binding of bio-
tinylated insulin was determined by performing the
binding reaction in the presence of a 100-fold molar
excess of unlabeled insulin. At the different time in-
tervals, cells were washed, fixed with 3.5% para-
formaldehyde for 10 min, blocked with 2% BSA for 1 h,
and then stained with Streptavidin DyLight 680 Conju-
gate (Rockland) secondary reagent for 1 h at room
temperature and counterstained with Hoechst 33,342
(Invitrogen, Molecular Porbes) for 5 min at room tem-
perature. Cells were imaged (×20 magnification) by
laser-scanning confocal microscopy (Eclipse Ti, Nikon,
Tokyo, Japan) and signals were quantified. Specific
binding of biotinylated insulin to the cell surface was
determined by subtracting the non-specific signal at
each time point. Following determination of the time to
achieve equilibrium binding, the above studies were
repeated with an incubation time of 90′ with increasing
concentrations of biotinylated insulin in the presence/
absence of molar excess of unbiotinylated insulin. Spe-
cific binding curves were generated, and KD values were
calculated.35 All experiments were performed in quin-
tuplicate, and results shown represent the mean of 5
experiments.

Proximity ligation assay (PLA)
To test whether epitopes of two proteins were located
close to each other (<40 nm), the in situ proximity liga-
tion assay (PLA) was performed using the Duolink PLA
Kit (Millipore Sigma).22,23 Briefly, preadipocytes were
cultured to preconfluence, fixed with cold methanol for
www.thelancet.com Vol 99 January, 2024
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5 min, washed in PBS and incubated with the Duolink
blocking solution for 30 min at 37 ◦C. Cells were further
incubated for 30 min with a pair of antibodies (mouse
anti-CD248 antibody (Proteintech, Chicago, IL, USA)
and rabbit anti-insulin receptor β (IRβ) antibodies
(E9L5V, Cell Signaling, MA, US)), each at 2 μg/ml.
Controls included corresponding non-specific anti-
bodies of the same species and isotype. After washes,
the appropriate PLA probe Mix 1:40 was incubated for
1 h, followed by washes and addition of 25 μl of ligase
for 30 min. Amplification was achieved by the addition
of the DNA polymerase at 1:80 dilution for 100 min at
37 ◦C in the corresponding buffer. Slides were then
mounted with DAPI for fluorescent imaging. Quantifi-
cation was achieved by counting the number of fluo-
rescent dots by ImageJ software set for a fixed area
(magnification 60× objective), in a minimum of 7–10
random fields of interest per condition (n ≥ 3 experi-
ments per condition). Fluorescence intensity was
quantified with NIH ImageJ 1.50i imaging software
(NIH, Bethesda, MD, USA).

Co-immunoprecipitation of CD248 with the IR
Cultured cells were washed with PBS at 4 ◦C and then
lysed in ice-cold RIPA buffer (50 mM Tris HCl, 150 mM
NaCl, 2 mM EDTA, 0.35% NP-40, 0.5% sodium deox-
ycholate) containing protease and phosphatase Inhibitor
Cocktail (HALT, ThermoFisher Scientific, MA, USA).
Lysates were centrifuged at 18,000×g for 15 min, and
protein concentrations of supernatants were determined
using a BCA kit and adjusted to 100–200 μg/μL. Sam-
ples were incubated with 1 μg of mouse anti-IRβ
(9L55B10, Cell Signaling, MA, USA) or mouse anti-
CD248 (Proteintech, Chicago, IL, USA) for 3 h at 4
◦C, followed by incubation with 25 μL of protein A/G
PLUS-Agarose (Santa Cruz Biotech cat sc-2003) for 1 h
at 4 ◦C. The beads were washed five times with RIPA,
suspended in Laemmli buffer, and heated x 5 min at
95 ◦C in preparation for SDS-PAGE and Western
immunoblotting to detect CD248 and the IR.

Co-immunoprecipitation of CD248 with integrin β1
Co-immunoprecipitation experiments were performed
using antibodies crosslinked to magnetic Dynabeads
Protein G (ThermoFisher Scientific, MA, USA), sepa-
rated with a DynaMag-2 magnet (ThermoFisher). For
each reaction, 1.5 mg of beads was incubated with 5 μg
of either anti-CD248 antibody or anti-integrin β1 (clone
MB1.2, Merck Millipore) for 10 min at room tempera-
ture. Beads were washed with PBS prior to performing a
crosslinking reaction using 5 mM bis(sulfosuccini-
midyl)suberate (BS3, ThermoFisher Scientific) for
30 min at room temperature. The reaction was
quenched with 1 M Tris HCl (pH 7.5) and washed with
0.02% PBS-Tween (PBST) to remove unbound antibody.
Beads were then added to cell lysates (normalized to
300 μg total protein per reaction, diluted in 0.02% PBST)
www.thelancet.com Vol 99 January, 2024
and incubated overnight at 4 ◦C. After multiple washes,
immunoprecipitates were eluted with 20 μL of 10% so-
dium dodecyl sulfate (SDS) prior to analysis by SDS-
PAGE and Western blotting with specific antibodies to
detect CD248 and integrin β1.

Ethics
Human studies were conducted in accordance with the
most current Declaration of Helsinki and with approval
of the Regional Ethics Review Board in Uppsala
(Dnr2013-183/494, Dnr2018-385). Participation was
voluntary with informed consent. Experimental animal
procedures were approved by the Institutional Animal
Care Committees of the University of British Columbia
(CCAC A22-0159) and the University of Alberta
(AUP00003818).

Statistical analyses
Statistical analyses were carried out using Graph Prism
8 (Graph Pad Software, San Diego, CA). The
Kolmogorov–Smirnov test or D’Agostino–Pearson
normality test was used to determine whether the data
followed a Gaussian distribution. Differences between 2
groups were analysed by unpaired Student’s t-test or
Mann–Whitney as parametric and non-parametric tests,
respectively. Differences between more groups were
analysed using one-way ANOVA with post hoc compar-
isons made using Bonferroni’s test. Data are presented
as mean ± SEM. A p-value of <0.05 was considered
significant.

Role of funders
No funding sources were involved in the writing of the
manuscript or the decision to submit it for publication.
No authors were paid to write this article from any
source or agency. The corresponding authors had full
access to all the data in the study and had final re-
sponsibility for the decision to submit for publication.
Results
We previously showed that global lack of CD248 in mice
(KO) confers protection of male mice against 9-weeks of
a HFD that induced obesity, insulin resistance, glucose
intolerance, steatosis, WAT hypoxia, inflammation and
fibrosis.18 For the current studies, we found that even
exposure to 2 weeks of the HFD induced differences in
glucometabolism between male KO mice and their wild-
type (WT) counterparts (Supplemental Figures S1–S4).
Thus, the KO mice had significantly lower fasting
plasma insulin and insulin growth factor (IGF)-1 levels
(Supplemental Figure S1) as compared to sibling con-
trol, sex matched HFD-fed WT mice, with significantly
better responses in glucose tolerance and insulin toler-
ance tests (GTT & ITT, respectively) (Supplemental
Figure S2). ]Immunohistochemical analyses of epidid-
ymal (e)WAT from the HFD-fed KO mice followed by
7
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fasting x 5 h, revealed less evidence of fibrosis, less
infiltration with F480 inflammatory monocytes, and
reduced hypoxia, as compared to fasting HFD-fed wild-
type (WT) mice (Supplemental Figures S3 and S4).
There was no evidence of steatosis in either group (not
shown) following the 2 week HFD. Based on these
findings, we used this 2-week HFD model to study the
mechanisms by which CD248 regulates glucometabo-
lism and insulin sensitivity.

Clamping studies
Our global and adipocyte-specific CD248 gene inactiva-
tion studies18 support the notion that CD248-dependent
adipocyte insulin signaling impacts on whole body
glucometabolic homeostasis. To quantify CD248-
dependent insulin sensitivity in mice in vivo, we used
the gold-standard hyperinsulinemic-euglycemic clamp
with tracer dilution methodology (“insulin clamp”) to
assess glucose kinetics under basal and hyper-
insulinemic conditions36–38 (Fig. 1a). For each genotype,
male mice were placed on a normal chow diet (NCD)
until 8 weeks of age; then one subset was placed on the
Fig. 1: Deletion of CD248 improves insulin sensitivity in high fat diet
in white adipose tissue, in vivo. (a) Hyperinsulinemic-euglycemic clamp e
production rates; and (d) insulin-stimulated glucose disposal rates (calcula
basal glucose production) during the clamp period in wildtype (WT; n = 3,
HFD, respectively. In vivo glucose uptake rates in: (e) white adipose tissue (
35 min of the insulin clamps following intravenous 2-[14C]-deoxyglucose
HFD WT (1-way ANOVA).
HFD while the rest stayed on the NCD. As expected,
HFD-feeding for 2 weeks rendered mice hyper-
insulinemic (Table 1) prior to diet-induced changes in
body weight (Table 1), and markedly decreased the
requirement for exogenous glucose infusion during in-
sulin clamp conditions (Fig. 1b). This corresponded
with greater hepatic glucose production (Fig. 1c) and
reduced insulin-stimulated glucose disposal (Fig. 1d)
compared to normal chow diet (NCD)-fed mice. Thus, 2
weeks of HFD-feeding induces insulin resistance in
mice, irrespective of genotype, prior to an increase in
body weight gain.

However, following 2 weeks of HFD, the glucose
infusion rate (GIR) during the insulin clamp was greater
in KO mice compared to their WT counterparts
(Fig. 1b). This increased requirement for exogenous
glucose infusion in HFD-KO mice occurred in concert
with lower hepatic glucose production (Fig. 1c) and an
increased rate of whole-body insulin-stimulated glucose
disposal (Fig. 1d) compared to HFD-WT mice. These
changes occurred independently of changes in plasma
glucose (Supplemental Figure S5a), plasma insulin
(HFD)-fed mice with increased insulin-stimulated glucose uptake
xperiment study design. (b) Glucose infusion rates; (c) hepatic glucose
ted as the difference between the glucose utilization rate and rate of
n = 7) and KO (n = 4, n = 6) mice fed with normal chow diet (NCD) or
epididymal) and (f) skeletal muscle (SkM; quadriceps) during the final
(DG) injection. *p < 0.05 HFD WT vs NCD WT; #p < 0.05 HFD KO vs
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NCD WT NCD KO HFD WT HFD KO

(n = 3) (n = 4) (n = 7) (n = 6)

Body Weight (g) 28.6 ± 1.2 27.0 ± 1.6 30.9 ± 2.4 32.4 ± 1.0

Pre-clamp

Insulin (ng/ml) 0.71 ± 0.21 0.84 ± 0.12 1.67 ± 0.32a 1.55 ± 0.15

Clamp

Insulin (ng/ml) 1.01 ± 0.04 1.16 ± 0.25 2.09 ± 0.48 2.54 ± 0.41

ap < 0.05 vs NCD WT (1-way ANOVA).

Table 1: Body weight and plasma insulin levels before (“pre-clamp”) and during the clamp period in mice that underwent hyperinsulinemic-euglycemic
clamp experiments.
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levels (Table 1) and body weight (Table 1). Basal glucose
production was also similar in both groups
(Supplemental Figure S5b). In NCD-fed mice, CD248
deficiency did not affect glucose kinetics in mildly
hyperinsulinemic conditions in vivo.

To assess whether improved peripheral insulin
sensitivity was due to an enhancement of insulin-
stimulated glucose uptake in vivo, we measured
glucose uptake in WAT and skeletal muscle during the
insulin clamp using 2-[14C]-deoxyglucose. The increased
rate of insulin-stimulated glucose disposal in HFD-fed
KO mice compared to HFD-fed WT mice was associ-
ated with an increased rate of glucose uptake in WAT
(Fig. 1e), without effects on skeletal muscle glucose
uptake (Fig. 1f). Taken together, these data suggest that
a lack of CD248 improves glucose metabolism in vivo by
enhancing insulin sensitivity in the liver to suppress
glucose production, and in the WAT (but not in skeletal
muscle) to stimulate glucose uptake in diet-induced in-
sulin resistant mice.

Lack of CD248 displays improved glucose
metabolism and increases WAT insulin sensitivity
Complementing the insulin clamp studies, two ap-
proaches were used to examine the role of CD248 in
modulating insulin-triggered glucose uptake into tissue
explants. In the first, following 2 weeks of a NCD or
HFD in male WT and KO mice, WAT from different
depots was surgically excised and the explants were
immediately sliced and placed into media, whereupon
they were incubated with or without insulin in the
presence of the fluorescent D-glucose analogue,
2-NBDG. In the absence of insulin, eWAT from the
NCD-fed KO mice displayed a significantly increased
uptake of 2-NBDG compared to NC-fed WT animals
(Fig. 2a and b). This difference was markedly enhanced
when the eWAT explants were exposed to insulin
ex vivo. The HFD partly dampened the uptake of 2-
NBDG under all conditions, such that there were no
detectable differences in baseline glucose uptake in
eWAT from HFD-fed KO vs HFD-fed-WT mice. How-
ever, glucose uptake of insulin-stimulated eWAT from
HFD-fed KO mice was significantly greater as compared
www.thelancet.com Vol 99 January, 2024
to uptake in eWAT from HFD-fed WT mice. The data
are consistent with the in vivo insulin clamp studies,
indicating that lack of CD248 renders the mice more
responsive to insulin-mediated glucose uptake into
WAT (Fig. 2a).

By a second approach, a similar assay was used to
quantify the effect of CD248 expression on insulin-
triggered glucose uptake. Explants of adipose tissues
from WT and KO mice were minced, washed and
incubated with 2-deoxyglucose (2DG), after which the
intracellular phosphorylated form, 2-DG6P (36), was
quantified by a colorimetric assay. Following the 2 week
NCD, lack of CD248 resulted in a significant increase in
basal glucose uptake (reflected by increased levels of
2-DG6P) in all 3 WAT depots tested (Fig. 3) Incubation
of insulin with the WAT explants from the NCD-fed
mice resulted in increases in glucose uptake, to a
significantly greater extent in WAT from the KO mice
from all three fat depots. Similarly, following a 2 week
HFD, eWAT and inguinal (i)WAT from the KO mice
responded to insulin incubation with a significantly
greater uptake of glucose, with a lesser differential
response in the rWAT (Fig. 3). As might be expected,
since CD248 is not expressed by BAT,18 we did not
detect any genotype-dependent differences in glucose
uptake in BAT derived from the mice.

We also evaluated whether CD248 impacts glucose
homeostasis in the muscle (gastrocnemius) and liver of
mice following 2 weeks of the NCD or HFD. Although
insulin incubation with these explanted tissues resulted in
an increase in glucose uptake measured by 2-NBDG
fluorescence, there were no significant CD248-dependent
differences in uptake (Supplemental Figure S6a and b),
findings that were consistent with the in vivo insulin clamp
studies. Glycogen stores in the livers of the KO mice,
following either the NCD or the HFD, were slightly
increased (Supplemental Figure S6c), but not to a signif-
icant extent, as compared with livers of corresponding WT
mice.

Lipolysis in WAT is dampened in absence of CD248
CD248-dependent changes in lipolysis were tested in
WAT explants by measuring the secretion of glycerol
9
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Fig. 2: Glucose uptake in epididymal WAT (eWAT) explants from CD248 wild-type (WT) and knockout (KO) male mice. (a) Representative
images of glucose uptake in epididymal eWAT explants from WT and KO mice fed a normal chow diet (NCD) or a high-fat diet (HFD) for 2
weeks. Explants were incubated with or without insulin and the fluorescent D-glucose analog, 2-NBDG. Fluorescence intensity (green) indicates
glucose uptake, with higher intensity representing increased uptake. Images were observed via laser scanning confocal microscopy at 20× optical
magnification. Size bar 100 μm. (b) Quantitative analysis of fluorescence intensity in panel A for glucose uptake. *p < 0.05. Results are expressed
as the mean ± SEM (1-way ANOVA).
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under baseline conditions and in response to isopro-
terenol. Following a 2-week NCD, glycerol secretion
from WAT explants from WT and KO mice was not
different, all responding to isoproterenol with similar
increases in secretion (Fig. 4a–c). In contrast, following
a 2 week HFD, lack of CD248 resulted in significantly
decreased glycerol release from eWAT, iWAT and
retroperitoneal (r)WAT, as well as an almost total lack of
response to the isoproterenol (Fig. 4a–c). This occurred
in parallel with a significant increase in accumulation of
triglycerides in the WAT (eWAT) of the HFD-fed KO
mice (Fig. 4d), with slight, non-significant decreases in
plasma and liver triglyceride levels in HFD-fed KO mice
as compared to HFD-fed WT mice (Fig. 4e and f). The
findings are consistent with suppression of lipolysis in
the HFD-fed KO mice.

WAT from KO mice exhibits enhanced activation of
AKT phosphorylation-dependent pathways
Insulin controls the key metabolic activities of glucose
uptake, glycogenesis, lipogenesis/lipolysis, protein syn-
thesis and adipogenesis5–7 by triggering intracellular
signaling cascades that lead to cellular responses.
Although multiple regulatory and accessory pathways
are involved, 2 canonical pathways have been described,
i.e., the Ras/MAPK pathway and the AKT-PI3 kinase
www.thelancet.com Vol 99 January, 2024
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Fig. 3: Effect of CD248 expression on insulin-triggered glucose uptake in adipose tissue explants. Glucose uptake was quantified in minced
explants of adipose tissues from WT and KO male mice fed a NCD or a HFD using the 2-deoxyglucose (2DG) assay. 2-DG uptake was determined
under basal conditions and in response to insulin. 2-DG uptake was measured spectrometrically at an absorbance of 412 nm on a microplate reader
in kinetic mode every 2–3 min at 37 ◦C. (a) epididymal WAT (eWAT) 2-DG uptake; (b) inguinal WAT (iWAT) 2-DG uptake; (c) retroperitoneal WAT
(rWAT) 2-DG uptake; (d) interscapular BAT (iBAT) 2-DG uptake. *p < 0.05. Results are expressed as the mean ± SEM (1-way ANOVA).
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(PI3K) pathway.39 We examined the effects of CD248
expression on activation of these pathways in WAT ly-
sates from WT and KO mice following a 2 week NCD or
HFD and fasting for 5 h.

Following engagement and activation of insulin’s
cognate receptor and consequent activation/phosphory-
lation of intracellular substrates and proteins, activation
of AKT requires that it become phosphorylated at 2 sites
- serine 473 and threonine 308. Immunoblots of lysates
of iWAT from KO mice revealed a significant increase
in both pAKTthr308 and pAKTser473 following a NCD and
a HFD (Fig. 5a, c). This was also evident in eWAT,
although the increase in pAKTser473 following the HFD
www.thelancet.com Vol 99 January, 2024
did not achieve statistical significance (Fig. 5b, d). There
were no apparent changes in the levels of total AKT,
irrespective of the diet or the genotype. We could also
not ascribe any differences in AKT phosphorylation to
CD248-dependent changes in expression of the IR, as
the levels of IRβ by Western blot were not affected by the
presence or absence of CD248 or by the diet
(Supplemental Figure S7). Thus, lack of CD248 results
in increased insulin-induced AKT phosphorylation in
these WAT depots.

We next evaluated activation/phosphorylation of
selected downstream AKT effectors that regulate WAT
insulin sensitivity, glucose uptake and lipolysis.
11
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Fig. 4: CD248 knockout impacts on lipid metabolism. WT and KO male mice were fed a NCD or HFD for 2 weeks. Fat tissue samples were
collected and placed in an incubator at 37 ◦C for hours. The fat tissue was then stimulated with 1 mM isoproterenol for 3 h. The amount of glycerol
released during the experiment was adjusted based on the total protein levels. After 2 weeks of HFD, glycerol release from (a) eWAT, (b) iWAT and
(c) rWAT from KO mice was significantly less compared to WT mice under basal and isoproteronol stimulated conditions. Triglycerides were
measured in (d) eWAT, (e) plasma and (f) livers of mice. *p < 0.05. Results are expressed as the mean ± SEM (1-way ANOVA).
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Glycogen synthase kinase (GSK)3 is a serine–threonine
protein kinase, the beta form (GSK3β) of which can be
directly phosphorylated at serine 9 and thus inactivated
by AKT.40 GSK3 has multiple functions in energy
metabolism that may contribute to obesity, glucose
intolerance and insulin resistance. In adipose tissue,
GSK3 negatively regulates insulin signaling by phos-
phorylating and inactivating the IR and the insulin re-
ceptor substrate (IRS)-1.40 In line with increased AKT
phosphorylation in WAT from KO mice, GSK3β phos-
phorylation was increased in the lysates of both iWAT
and eWAT from KO mice fed a NCD or a HFD diet
(Fig. 5). No significant changes in the expression levels
of total GSK3β were observed. The findings are again
consistent with the observed increased insulin sensi-
tivity in the KO mice.

Insulin-triggered activation and phosphorylation of
threonine 389 on p70S6 is important in promoting
glucose uptake, in part by upregulating expression of
the membrane associated glucose transporter,
GLUT4.41 While total expression of p70S6 was un-
changed (Fig. 5), expression levels of the phosphory-
lated form, p-p70S6thr389 were significantly increased
in the lysates of iWAT and eWAT of fasting male KO
mice fed a HFD compared to male WT counterparts.
This CD248-dependent effect on p-p70S6thr389 was not
evident when mice were fed a NCD. Nonetheless,
GLUT4 expression was significantly increased in
iWAT and eWAT of the fasted KO mice fed a NCD,
and in eWAT of HFD-fed KO mice (Fig. 5). These
findings are consistent with our in vivo insulin
clamp studies and ex vivo explant glucose uptake
experiments.

We also examined the effect of exogenous insulin on
phosphorylation of selected insulin signaling targets
(Supplemental Figure S8). To that end, WT and KO
male mice were placed on a HFD x 2 weeks and fasted x
5 h prior to injection with insulin (2 IU/kg ip) or vehicle.
After 30 min, eWAT was isolated for Western blot an-
alyses. AKT phosphorylation (Ser473) was detectable in
the absence of insulin, but notably increased in
response to insulin. Consistent with our previous find-
ings (Fig. 5), AKT phosphorylation (Ser473) in the ly-
sates of eWAT from the HFD-fed KO mice, was elevated
with vehicle-treatment. The addition of insulin had little
further effect. A similar pattern of expression was noted
for GLUT4. While we again found higher levels of p-
p70S6 in the KO eWAT lysates as compared to those
www.thelancet.com Vol 99 January, 2024
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Fig. 5: AKT phosphorylation-dependent pathway analyses in WAT from mice. (a, c) iWAT and (b, d) eWAT was prepared from WT and KO
male mice fed a NCD or HFD for 2 weeks followed by a 5 h fast. (a-b) WAT lysates were Western immunoblotted with the indicated antibodies,
and protein levels were quantified by densitometry and normalized to corresponding total proteins or β-actin (c-d). *p < 0.05 vs WT-NCD
group. #p < 0.05 vs WT-HFD group. Results are expressed as the mean ± SEM. n = 4–6 mice per group as noted (1-way ANOVA).
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from WT eWAT, there was little response noted with
insulin under these conditions.

To evaluate the effect of CD248 on key insulin-
regulated intracellular pathways that regulate lipolysis
we measured the levels of adipose triglyceride lipase
(ATGL) and hormone-sensitive lipase (HSL)42 (Fig. 6a
and b). Consistent with the reduced lipolysis observed in
the WAT explants from KO mice and increased tri-
glyceride levels in the WAT of KO mice, ATGL expres-
sion was significantly decreased following the HFD in
all 3 WAT depots from KO mice (Fig. 6a and b), whereas
phosphorylated HSL (p-HSLSer563)–absolute amounts or
relative to total (t)-HSL–were either unchanged (iWAT)
or slightly increased (eWAT, rWAT) (Fig. 6a, c).

Insulin-triggered activation of the Ras/Raf/MAPK
pathway is often associated with the mitogenic and
growth effects of insulin signaling. It is less well-
established than the AKT/PI3K pathway in regulating
adipose tissue function.43 In limited studies in WAT
lysates, we did not observe consistent CD248-dependent
changes in phosphorylation of ERK1/2 or of Ras.
Phosphorylated Raf (C-Raf298/296/301, C-Raf259) appeared
to be moderately increased in the eWAT from KO mice,
www.thelancet.com Vol 99 January, 2024
particularly after 2 weeks of a NCD, but not to a sig-
nificant extent (Supplemental Figure S7).

Role of sex in CD248-dependent effects on
glucometabolism and insulin sensitivity
The preceding studies were all performed in male mice.
In more limited experiments, we also examined female
mice to assess for CD248-dependent changes in gluco-
metabolism and insulin sensitivity. In female mice on a
NCD, we did not detect CD248-dependent differences in
the GTT or ITT (not shown). Following 2 weeks of a
HFD, the WT and KO mice had similar responses in
ITT (Supplemental Figure S9a, b). However, under
these conditions, the GTT was significantly better in the
KO vs the WT mice (Supplemental Figure S9c, d). With
WAT explants from the HFD-fed female mice, baseline
glucose uptake was modestly increased in KO eWAT
(p < 0.05), and significantly increased in iWAT following
insulin stimulation (Supplemental Figure S9e and f).
Total expression of the IR (IRβ) was not notably affected
by diet or the presence or absence of CD248
(Supplemental Figure S10a and b). AKT phosphoryla-
tion was increased, particularly in iWAT from HFD-fed
13
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Fig. 6: CD248-dependent changes in WAT fat pad lipases. After 2 weeks of a NCD or HFD, fat explants (eWAT, iWAT and rWAT) were
collected and processed for (a) Western blot analysis of ATGL, p-HSLSer563 and t-HSL. (b–c) Densitometry was used to quantify protein
expression of ATGL relative to β-actin, and p-HSLSer563 relative to total HSL. *p < 0.05 vs WT-NCD group and #p < 0.05 vs WT-HFD group.
Results are expressed as the mean ± SEM. n = 3–5 mice per group as noted (1-way ANOVA).
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female KO mice, but this was not reliably observed in
other WAT depots. Moreover, although GLUT4 was
increased in eWAT from NCD-fed KO mice, it was not
consistently increased under any other conditions or in
other WAT depots. Overall, in response to a NCD or
HFD, the adverse effects of CD248 on glucometabolism
observed in male mice of the same age, were replicated
in female mice, but to a much lesser extent.

Effect of diet and fasting on CD248 expression by
mature adipocytes
We previously reported a strong direct correlation of
CD248 mRNA levels in mature adipocytes from sub-
cutaneous WAT from humans with obesity and insulin
resistance.18 To test the effect of the diets on CD248
expression in murine WAT, we measured the effects of
a 2 week NCD and HFD, followed by fasting and non-
fasting (5 h), on expression of CD248 mRNA in
mature adipocytes from eWAT and iWAT of male and
female WT mice (Supplemental Figure S11). Consistent
with our previous findings in humans,18 CD248 tran-
script levels were moderately higher in the adipocytes
from the HFD non-fasting mice, a finding more evident
in eWAT than iWAT. While CD248 transcript levels
following the NCD were not affected by fasting, in both
fat depots and with both sexes, fasting following the
HFD resulted in a ∼1.5-4-fold increase in adipocyte
CD248 mRNA levels.

CD248-dependent effects on insulin-signaling in
preadipocytes
Adipose tissue comprises numerous cell types, several
of which may express CD248. These include pre-
adipocytes, mature adipocytes, perivascular cells and
inflammatory leukocytes. We isolated preadipocytes
from WAT of male and female WT and KO mice to
assess their differential responses to insulin. Immuno-
fluorescent staining of the cells for CD248 from WAT of
WT and KO mice confirmed their genotype, the absence
of apparent genotype-dependent morphologic or growth
rate characteristics, the purity of the preparations, and
the high expression of CD248 in the WT cells
(Supplemental Figure S12). From Western blots
(Supplemental Figure S13) and immunofluorescent
www.thelancet.com Vol 99 January, 2024
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staining of the non-permeabilized cells (Supplemental
Figure S12), preadipocytes from WT and KO cells
expressed similar amounts of insulin receptor (IRα).

As expected, insulin induced phosphorylation of AKT
in a time-dependent manner in preadipocytes purified
from WT and KO mice (Supplemental Figure S13),
notably more rapidly and to a greater extent in KO pre-
adipocytes as compared to the WT preadipocytes. Again,
like the WAT from KO mice, p-GSK3βser9 was increased
in the KO preadipocytes (Supplemental Figure S13a).
However, in contrast to the WAT findings, p-Erk1/2 was
consistently increased in the KO preadipocytes, with re-
sponses similar in cells derived from male and female
mice (Supplemental Figure S13).

We also evaluated insulin-dependent phosphoryla-
tion of adipocytes isolated from the subcutaneous WAT
of a small cohort of obese human volunteers
(Supplemental Table S3a). Adipocyte expression levels
of CD248 were evaluated by Western blot, and divided
into 2 groups, either “High CD248” or “Low CD248”
(n = 5 per group). There were no significant differences
in the groups of participants, in terms of age and BMI
(Supplemental Table S3b). Consistent with what we
observed with murine preadipocytes, human WAT adi-
pocytes with lower levels of CD248, responded to insu-
lin stimulation with greater increases in pAKT relative
to total AKT (Supplemental Figure S14).

CD248 directly interacts with the insulin receptor
In view of the effects of CD248 on both canonical in-
sulin signaling pathways in the preadipocytes, we
considered the possibility that CD248 might directly
modulate the interaction between insulin and the in-
sulin receptor (IR). Proximity ligation assays using pri-
mary cultured preadipocytes from WT and KO mice
confirmed that CD248 is indeed in close proximity to
the IR (Fig. 7a). Non-specific signals were excluded us-
ing isotype-matched antibodies (NSIg) for each of the
specific antibodies (anti-CD248 and anti-IRβ). No signal
was detected when we used preadipocytes from WAT of
KO mice. The interaction between CD248 and the IRβ
was further confirmed by co-immunoprecipitation
studies in which CD248 was pulled down with specific
anti-CD248 antibodies, and the blots were immunode-
tected with anti-IRβ antibodies. Control experiments
with non-specific antibodies (NSIg) did not pull down
the IR (Fig. 7b and c).

In response to diet-induced reorganization of the
extracellular matrix of adipose tissue, integrin activity
reportedly regulates insulin sensitivity.44 Since integrin
β1 is one of few integral membrane proteins that
interact directly with the IR on the outside of the cell
membrane,44 we explored the possibility that CD248
might also bind to integrin-β1 (ITGβ1). We used lysates
of murine embryonic fibroblasts (MEFs) from WT and
KO embryos and first showed that levels of ITGβ1 are
not CD248-dependent. In co-immunoprecipitation
www.thelancet.com Vol 99 January, 2024
studies, we found that both anti-CD248 and anti-
ITGβ1 antibodies pulled down CD248 and ITGβ1,
indicating that these two proteins closely interact or
bind to each other (Supplemental Figure S15a and b).
Lysates from KO MEFs served as negative controls.
Confocal imaging of WT MEFs, visually confirmed that
CD248 colocalizes with ITGβ1 on the cell surface
(Supplemental Figure S15c). The findings indicate that
CD248, the IR and ITGβ1 form a multi-protein complex
on the cell surface.

CD248 dampens insulin binding to the surface of
preadipocytes
The close physical interaction of CD248 with the IR
and integrin β1, and our findings that insulin sensi-
tivity is heightened by a lack of CD248, raised the
possibility that CD248 dampens the functional inter-
action of insulin with its receptor. To test this hypoth-
esis, we performed binding studies of biotinylated
insulin to WT and KO preadipocytes derived from the
eWAT of male and female mice (Fig. 8a and b). The
rate of specific binding of biotinylated insulin to the
surface of equal numbers of preadipocytes was
increased with KO cells as compared to WT cells, with
saturable equilibrium binding being achieved by 90′
with both WT and KO preadipocytes (not shown).
Specific binding of increasing concentrations of bio-
tinylated insulin was measured following a 90′ incu-
bation.45 For preadipocytes derived from male and
female eWAT, the KD value for KO cells was lower than
for WT cells (∼23 nM vs 80 nM for male KO and WT
cells, respectively; and ∼40 nM vs 70 nM for female KO
and WT cells, respectively) (Fig. 8a and b), consistent
with the apparent increased sensitivity of KO cells to
insulin.

Soluble CD248 blocks insulin induced
phosphorylation of the IR
The IR is the central node for initiating insulin’s cellular
activities.46–48 Binding of insulin to extracellular subunits
of the IR induces conformational changes in the re-
ceptor that are required for its autophosphorylation and
subsequent recruitment of adaptor proteins and activa-
tion of downstream effectors.49 We evaluated the effects
of soluble CD248 on insulin-induced phosphorylation of
purified full-length recombinantly expressed human
insulin receptor (IR)34 in a reaction initiated by the
addition of ATP (Supplemental Figure S16a). We first
confirmed by Western immunoblotting using a specific
antibody, that insulin specifically induces ATP-
dependent phosphorylation of the receptor at tyrosines
1162 and 1163 (Supplemental Figure S16b). No sup-
pression of insulin-induced IR phosphorylation was
observed when the reaction was allowed to proceed in
the presence of the vehicle alone (Fig. 8c), or extracel-
lular fragments of the related lectin-like molecule,
thrombomodulin (TMD1).50 Neither the entire
15
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Fig. 7: CD248 and the insulin receptor (IR) are in close proximity to each other. The proximity ligation assay (PLA) was performed on (a)
purified preadipocytes from WT and KO mice as described in Methods. Species and isotype-matched pre-immune non-specific immunoglobulin
(NSIg) were used as controls. Red dots indicate that CD248 and IRβ were in close proximity to each other (size bar = 10 μm). (b) Western blot of
lysates of preadipocytes WT and KO mice, detected for expression of CD248. (c) Pull-downs with anti-CD248 antibodies or NSIg were per-
formed, followed by immunodetection for the IRβ. Anti-CD248 antibodies specifically immunoprecipitated the IR. The blots shown are
representative of 3 independent experiments.
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extramembranous region of TM (TMD1-3) or the iso-
lated lectin-like domain of TM (TMD1) affected insulin-
induced phosphorylation of the IR (Fig. 8c and d;
Supplemental Figure S16c). However, pre-incubation of
the IR with recombinant soluble CD248 (sCD248)33

comprising the entire extra-membranous region of the
molecule effectively and reproducibly dampened
insulin-triggered phosphorylation of the IR (Fig. 8c) in a
concentration- and time-dependent manner
(Supplemental Figure S16c).
Discussion
In spite of major advances in our understanding of in-
sulin signaling pathways, the mechanisms underlying
insulin resistance remain poorly understood. The
metabolic consequences of this lack of knowledge are
profound, as the numbers of affected individuals with
T2D and the associated morbidities and mortality, are
steadily rising worldwide.51 Even the recent and im-
pactful introduction of therapies that reduce insulin
requirements52 are not likely to fully circumvent the
need for new approaches that specifically overcome in-
sulin resistance.
In this report, we identify a previously unrecognized
mechanism by which the ectodomain of the cell-surface
transmembrane glycoprotein, CD248, highly expressed
by pre/adipocytes in T2D and obesity,18 interacts directly
with the IR, diminishing its capacity to be autophos-
phorylated in response to insulin. CD248 thus promotes
insulin resistance, i.e., its presence confers resistance to
insulin-induced downstream activation/phosphorylation
of insulin-dependent pathways, manifest by disorders of
glucose uptake and lipid metabolism that are observed
in T2D. Reversal of this insulin resistant state could be
achieved by reducing CD248 expression, thus confer-
ring protection of mice against diet-induced systemic
and adipose tissue glucometabolic and lipid distur-
bances. Our findings, herein, using a short duration of
HFD-induced insulin resistance in male and female
mice, insulin clamps, and evidence of relevance in
humans, reveal a new direction of research that may
yield effective therapeutic approaches to directly over-
come insulin resistance.

Insulin is an anabolic hormone that exhibits potent
effects on cell growth, glucose homeostasis and lipid
metabolism. Its effects are mediated first and foremost
via its engagement with the insulin receptor (IR), a
www.thelancet.com Vol 99 January, 2024
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Fig. 8: CD248 reduces insulin binding affinity to its receptor(s) and inhibits insulin-triggered autophosphorylation of the IR. Binding
studies were performed using biotinylated insulin on preadipocytes derived from male (a) and female mice (b). Following experiments to
establish the time for equilibrium binding of biotinylated insulin (not shown), cells were incubated with the noted concentrations of bio-
tinylated insulin x 90 min and specific binding (shown) was determined by subtracting the signal obtained with 10 μM nonbiotinylated insulin
and binding affinities (KD) were calculated. (c–d) Purified recombinant human IR was incubated with 33 nM sCD248, 33 nM thrombomodulin
(TMD1-3), 33 nM TMD1 or vehicle alone in the presence of 200 nM insulin (c) or 50 nM insulin (d) for varying periods of time in the presence or
absence of 1 mM ATP. An additional vehicle alone control for D is in Supplemental Figure S16c. Reactants were separated for Western
immunoblotting to detect insulin-induced autophosphorylation of the IR with specific antibodies.
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member of a family of growth factors with tyrosine ki-
nase activity.53–55 The IR exists as a heterotetramer,
comprising pairs of extracellular and membrane/cyto-
plasmic subunits that contain tyrosine kinase
domains.46–49 Structural studies reveal that insulin binds
sequentially to the IR via two distinct extracellular re-
gions,53 whereupon the receptor undergoes large
conformational changes that allow it to be autophos-
phorylated at several tyrosine residues. This in turn
leads to activation of the IR kinase and subsequent
tyrosine phosphorylation of insulin receptor substrate
(IRS) proteins.56 The IR and IRS proteins are key nodes
for a network of interactions with several other intra-
cellular proteins that mediate downstream signaling
events that modulate cell growth, differentiation, lipid
metabolism and glucometabolism. Differential in-
teractions of these intracellular proteins with the IR and
IRS proteins are critical in regulating specificity and
sensitivity of signaling in response to insulin, tightly
controlled to maintain homeostasis under a range of
stresses. Disruptions in their integrity may result in
diminished sensitivity to insulin, with consequential
defects in cell growth and differentiation, glucose ho-
meostasis and lipid metabolism.57
www.thelancet.com Vol 99 January, 2024
Molecular mechanisms underlying insulin resis-
tance have primarily been attributed to alterations in
insulin signaling downstream of the IR, impacting on
one or both of the canonical pathways, often with effects
on IR trafficking/internalization that may affect IR
expression levels.58,59 Of the >100 naturally occurring
mutations and splicing abnormalities of the IR that have
been reported,60 the majority are associated with
extreme insulin resistance, and not representative of
insulin resistance typically seen with T2D and obesity.
However, more relevant to the vast majority of T2D
cases, multiple binding partners for the IR have been
identified, including for example, protein tyrosine
phosphatase (PTP)-1B, ninjurin-2, suppressor of cyto-
kine signaling (SOCS) proteins and Grb proteins.57,61–66

These are located in the cell or cell membrane, where
they variably modulate IR activity and insulin sensitivity.
Although the rare type B syndrome of insulin resistance
is caused by anti-IR antibodies that block insulin bind-
ing,67 few naturally occurring proteins that impact on
insulin sensitivity have been described that bind to the
extracellular subunits of the IR. Such protein-IR in-
teractions might, however, be more amenable to thera-
peutic targeting.
17
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CD248 is a type I transmembrane glycoprotein that
comprises an N-terminal lectin-like domain, a sushi
domain, 3 EGF-like repeats, a mucin-like region, a
transmembrane domain and a cytoplasmic tail.16,68,69 The
lectin-like domain binds to extracellular matrix pro-
teins70,71 and modulates macrophage activation in mouse
models of sepsis.33 The cytoplasmic tail contains sites
for potential phosphorylation and a C-terminal PDZ-
binding motif72 that may regulate cell signaling.16,20 In
this report, we showed that preadipocytes that express
CD248 are less sensitive to insulin stimulation than
those lacking CD248, with reduced phosphorylation of
MAP kinase Erk1/2 and AKT, and in turn, lower
expression of phosphorylated GSK3β. Similar CD248-
dependent differences in insulin-triggered AKT phos-
phorylation were observed with primary cultured
adipocytes derived from visceral adipose tissue from a
small cohort of individuals with obesity. This CD248-
dependent differential response was not due to altered
expression of the IR, as levels of the IR were unaffected
by deletion of CD248 or by exposure to insulin during
the experiments. Our insulin binding studies indicated
that CD248 on the preadipocyte cell surface, dampens
the affinity to its cognate cell surface receptor(s). We did
not exclude the possibility that CD248 triggers inter-
nalization of the IR. We did not uncover a specific
interaction of CD248 with insulin (data not shown), but
did confirm, using pull-downs and proximity ligation
assays, that integral membrane CD248 interacts directly
with the IR expressed on the surface of preadipocytes.

These findings led us to test whether CD248, in a
purified system, could regulate insulin-triggered auto-
phosphorylation of the IR. To that end, we used re-
combinant full-length human IR that was purified in a
detergent solubilized form, such that it retains its
autophosphorylation and kinase activity.34 We reacted
the IR with insulin and ATP and varying concentrations
of soluble CD248 representing the entire ectodomain.
By measuring IR autophosphorylation, we showed that
this soluble form of CD248 effectively suppressed IR
autophosphorylation. Studies are ongoing to delineate
which structure(s) of CD248 functionally interacts with
the IR to abrogate insulin binding and insulin-induced
autophosphorylation of the IR, and where these bind
to the IR. We are also testing whether CD248 triggers IR
internalization, an additional potential mechanism of
regulating insulin signaling.58 The information gained
will be important for the design of interventions that
abrogate CD248 binding to the IR to overcome insulin
resistance.

The paradigm of CD248 acting as a sensor that
modulates the function of a cell surface-expressed pro-
tein by inducing allosteric changes affecting its rela-
tionship to its ligand, is not entirely new. We recently
showed that on the surface of vascular smooth muscle
cells and monocytes, CD248 participates in assembly of
the integral membrane protein tissue factor (TF), with
factor VIIa and factor X, forming a multi-molecular
complex that is critical for initiation of the clotting
cascade.22 There, CD248 acts as a scaffold for factor X,
triggering allosteric changes and the spatial re-
alignment of factor X with the TF-factor VIIa complex,
thereby enhancing coagulation activation. In models of
arterial and venous thrombosis, mice lacking CD248,
thus are relatively protected against stress-induced clot
formation, as compared to WT counterparts.22 It is
worth noting that, like CD248, the prothrombotic/
proinflammatory TF is also expressed by pre/adipo-
cytes73; and it is well known that obesity and insulin
resistance are associated with a heightened risk of
atherothrombosis. Studies to delineate potential cross-
talk between the coagulation related TF-factor VIIa-fac-
tor X complex and the insulin-IR signaling system in the
context of CD248, are ongoing.

In comparing WT and KO mice, we established that
even after a 2 week HFD, lack of CD248 rendered male
mice resistant to systemic disturbances in glucose
metabolism and insulin sensitivity, as measured by the
GTT and ITT. These CD248-dependent effects on
glucose metabolism were also confirmed in the gold-
standard insulin clamp studies. After this relatively
short exposure time to the HFD, plasma levels of tri-
glycerides were unaffected, and hepatic accumulation of
triglycerides was only slightly increased over that seen
with WT mice. However, significant localized improve-
ments in glucose uptake and lipolysis were readily
evident in all WAT depots examined, albeit with some
variability. The protective effects of deletion of CD248
on glucose homeostasis and lipid metabolism in the
WAT occurred in parallel with significantly heightened
WAT levels of GLUT4, increased phosphorylation of
AKT, GSK3β, and p70S6, and reduced levels of ATGL,
all in line with augmented insulin sensitivity, with
greater glucose uptake and dampened lipolysis. We did
not detect CD248-dependent baseline differences in
GTT or ITT in the mice before or after a 2 week NCD.
However, we did observe increased glucose uptake in
eWAT explants and corresponding increases in GLUT4
and phosphorylated AKT and GSK3β in iWAT and
eWAT from NCD-fed KO mice. Although the insulin
clamps studies did not reveal CD248-dependent
changes in glucose kinetics in NCD-fed mice, the
explant studies suggest that WAT of KO mice may be
more sensitive to insulin even following a NCD, prior to
the emergence of other manifestations of T2D. Indeed,
glucose uptake was also increased in WAT explants in
the absence of exogenous insulin. While the mecha-
nisms remain a mystery, this might be related to
non-insulin mediated GLUT4 translocation to the
membrane of KO adipocytes, and/or to the action of
other glucose transporters that are less reliant on insu-
lin, such as GLUT1.41 Our findings also raise the
intriguing possibility that CD248 acts as an insulin
desensitizer in normal conditions to limit overactivation
www.thelancet.com Vol 99 January, 2024
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of insulin signaling. Insulin resistance develops in
prolonged fasting, and not only under obese condi-
tions.74 It is thus reasonable to consider that subtle
changes in expression or orientation of CD248 relative
to insulin and the IR, may fine-tune insulin signaling in
response to glucometabolic changes that normally occur
in healthy individuals. Further study is required to
clarify these observations and test these hypotheses.

It is notable that all of our studies–in vivo and ex vivo–
showed that lack of CD248 improved glucose meta-
bolism by enhancing insulin sensitivity in WAT, but not
in skeletal muscle. The insulin clamp studies further
demonstrated that CD248 deficiency resulted in
enhanced sensitivity of the liver to suppress glucose
production. These findings are also consistent with our
previous work, in which adipocyte-specific KO mice
exhibited heightened sensitivity to insulin, and the mice
were thus protected against HFD-induced glucometa-
bolic disturbances.18 Others have identified targeted
defects in insulin action in adipocytes that result in
systemic insulin resistance with alterations in esterifi-
cation of fatty acids, lipid biosynthesis and impaired
adipogenesis.75 Although adipose tissue only takes up
∼10% of the glucose load after a meal, the evidence
strongly supports its central role in regulating whole
body insulin sensitivity.4

Using different lines of genetically modified WT and
KO mice, the groups of Naylor and colleagues recently
reported results of similar studies, stressing the mice
however, with a 13 week HFD.26,76 They also found that
deletion of CD248 provided protection against HFD-
induced obesity and glucometabolic disturbances, with
depot-specific changes in fat accumulation; but the dif-
ferences were strikingly less than what we observed.
Indeed, throughout the time course of the HFD in their
studies, they did not detect any changes in glucose up-
take based on GTT. They did not examine insulin
signaling pathways in the WAT or isolated pre/adipo-
cytes. Moreover, in their studies, female KO mice as
compared to their WT counterparts were entirely unaf-
fected by loss of CD248, leading them to conclude that
CD248 has a sex-specific (male) role in lipid deposition
in mice. Our findings would argue against that premise,
and we would rather conclude that glucometabolism in
female mice is sensitive to deletion of CD248 but to a
lesser extent than males; and thus, that CD248 plays a
role in glucose homeostasis and lipid metabolism in
both sexes in mice. As Naylor and colleagues pointed
out,26,76 the reasons behind the variances in responses in
their studies and ours, may be due to differences in
mouse strain, housing and other unidentified factors.
We did not evaluate the mechanisms underlying sex-
dependent differences in glucometabolic function
observed in our mice. However, such differences have
long been recognized, and many groups are actively
attempting to gain new insights (reviewed77,78). Estro-
gens regulate metabolic processes related to energy
www.thelancet.com Vol 99 January, 2024
balance, impact inflammatory responses and modulate
expression of genes that regulate glycolipid metabolism
in fat tissue.79 Studies in humans confirm that there are
sex-dependent differences in insulin secretion and
sensitivity, and that females oxidize more lipids and less
carbohydrates, produce less hepatic glucose, and deplete
less glycogen from muscle.77,80,81 Multiple studies in
mice have reported variable tissue-specific effects of sex
hormones on insulin sensitivity and insulin signaling
pathway activities.78,82,83 Most conclude that females
exhibit higher insulin sensitivity and lower muscle mass
that favours greater WAT energy storage capacity. In
spite of much work, the mechanisms that underly sex-
dependent differences in insulin sensitivity remain
incompletely understood. We have not noted sex-
dependent differences in CD248 expression in the
mice, and thus the potential participation of CD248 in
the sex-dependent differences is unknown. These
knowledge gaps are strong rationale for incorporating
sex in all such studies.84,85

Our finding that soluble CD248 can regulate insulin
signaling at the level of the IR, may be of in vivo path-
ophysiologic relevance. Soluble forms of CD248 are
known to circulate in the blood, these being generated
during inflammatory and proliferative states by shed-
ding from the cell surface, whereupon they may exhibit
autocrine and paracrine activities.86 A soluble form of
CD248 that is likely the entire ectodomain (based on the
reported molecular weight) can be released by mesen-
chymal stem cells, shed in parallel with pro-angiogenic
factors in an MMP-dependent manner from the cell
surface by IL-1β.87 In the context of our findings, it is
particularly intriguing that in early pregnancy, maternal
plasma levels of CD248 were higher in a group of
women with gestational diabetes as compared to a
control group of pregnant women.88 We hypothesize
that the increase in soluble CD248 in gestational dia-
betes, might not only be an association, but rather it
might contribute to the insulin resistance by blocking
insulin signaling via the IR.

Recently, Lu et al.89 reported that CD248 promotes
integrin β1 interactions with extracellular matrix pro-
teins that in turn induce changes in cell–cell
interactions. Integrin β1-extracellular matrix in-
teractions modulate glucose homeostasis and insulin
sensitivity as adipose tissue undergoes remodeling
in response to dietary changes.44,90 This may occur at
least in part, via activation of the focal adhesion kinase
(FAK)-paxillin pathway, elevations of which have been
associated with enhanced insulin resistance in mice
and humans.91 Interestingly, integrin β1 also binds
directly to extracellular subunits of the IR44 whereupon
it may facilitate insulin signaling. We show that in
addition to binding to the IR, CD248 also interacts
directly with integrin β1. Moreover, via its lectin-like
domain, CD248 binds to several other extracellular
matrix proteins, including fibronectin, collagen types I
19
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and IV, and multimerin 2.70,71 The complexities and
relevance of the trimolecular assembly of CD248, the
IR and integrin β1 in the context of an extracellular
matrix that undergoes diet induced remodeling,
remain to be elucidated.

Interestingly, activation of FAK that occurs in
response to a HFD91 is also correlated with tumour
growth92 and thus, CD248 and integrin-β1 might co-
operate to promote tumorigenesis via effects on FAK
activation. Indeed, CD248 is markedly upregulated in
multiple cells of mesenchymal origin (e.g., perivascular
smooth muscle cells, pericytes, stromal fibroblasts, os-
teoblasts) during tumour growth, the extent of which
may be correlated with prognosis.21,93,94 There is strong
evidence to support a role for CD248 in facilitating
tumour growth via multiple mechanisms that include,
for example, vascular remodeling that is associated with
activation of hypoxia inducible factors, release of
angiogenic factors, recruitment of inflammatory leuko-
cytes and upregulation of pro-fibrotic genes.15–17 Several
groups have shown that deletion of CD248 in mice is
largely without adverse effects, and furthermore confers
protection from the growth of several tumors.20 This has
triggered considerable interest in therapeutically tar-
geting CD248 for various cancers.95 That obesity and
insulin resistance are also associated with a heightened
risk of cancer,96 implies a yet-to-be clarified molecular
link between those tumours associated with T2D and
CD248.

Diabetic kidney disease is a common complication of
T2D, the risk of which correlates with the severity of
insulin resistance.97 Insulin-triggered cross-talk between
renal mesangial cells and podocytes dampens endo-
plasmic reticulum (ER)-associated degradative pathways
that otherwise promote renal glomerular cell damage
and kidney dysfunction that is a feature of diabetic
kidney disease.98 Krishnan et al.99 recently found that
glucose-stressed mesangial cells responded with mark-
edly increased expression of CD248 which in turn,
triggered a renal glomerular-damaging maladaptive
unfolded protein response (UPR) by inhibiting cyto-
protective splicing of an ER transcription factor, X-box
binding protein-1 (XBP1). This glucose-induced UPR
response was ameliorated in mesangial cells that lack
CD248. Interestingly, at least in podocytes, it is believed
that the UPR response is normally held in check by
insulin signaling via the IR which non-canonically acti-
vates the protective spliced XBP1.100 In mouse models of
diabetes, impaired insulin signaling thus propagates a
hyperglycemia-induced maladaptive UPR which results
in diabetic nephropathy. While podocytes are not known
to express CD248, intraglomerular cross-talk between
these cells occurs in the regulation of ER-associated
degradation in diabetic kidney disease.98 We hypothe-
size that in the setting of chronic hyperglycemia, the
augmented expression of CD248 by mesangial cells,
interferes with insulin-triggered autophosphorylation of
the IR expressed by podocytes and the mesangial cells,
blocking splicing of the protective SBP1. Thus, abro-
gating the CD248-IR interaction may yield a means of
dampening the progression of diabetic nephropathy.

In patients with severe sepsis, even in the absence
of underlying diabetes or obesity, hyperglycemia
frequently occurs, contributing to widespread organ
dysfunction and increased risk of death.101–103 The path-
ophysiology of the hyperglycemia is complex, but
minimally involves elevations in catecholamines, cyto-
kines, growth factors, and cortisol that lead to excessive
hepatic glucose production and peripheral insulin
resistance.102,104 While TNFα and IL-6 have been impli-
cated in sepsis-associated insulin resistance, we were
unable to discern any effect of these cytokines on CD248
expression in cultured mesenchymal cells.105 On the
other hand, CD248 could contribute to the insulin
resistance, as it is upregulated by hypoxia15 and
glucose,99 both of which are prominent features of this
condition. Overall, the serious nature of the glucome-
tabolic disorder in these patients warrants further study,
and the potential role of CD248 should be considered.

Numerous strategies are being pursued toward the
development of safe and specific pharmacologic ap-
proaches to overcome insulin resistance. This includes
targeting one or more of the many intracellular
signaling pathways and regulators of phosphorylation
that are implicated in controlling insulin sensitivity.
Several of these attempts have shown efficacy in pre-
clinical trials, but have not yet entered into or met with
similar success in human studies. These include, for
example, NF-κB, SOCS proteins, components of the
JNK and Wnt signaling pathways and the protein tyro-
sine phosphatase (PTP)-1B (reviewed65,106,107). By their
very location inside the cell, these are challenging tar-
gets to access pharmacologically.

Our identification of a potential mechanism of
enhancing insulin sensitivity on the cell surface by
blocking binding of CD248 to the IR, provides a previ-
ously unrecognized and likely a more accessible
approach to overcome the insulin resistant state. Such a
strategy would not come without challenges. While a
systemic therapy may efficiently bathe the highly
vascular adipose tissue, specifically targeting WAT pre/
adipocytes with, for example, drugs, antibodies, com-
pounds or siRNAs, without affecting other tissues/or-
gans to avoid off-target effects, is not yet feasible.
However, there are ample data that support the safety of
dampening expression and/or the function of CD248
for therapeutic purposes. CD248 knockout mice are
healthy and fertile, without evidence of increased sus-
ceptibility to disease. They are protected against
inflammation and fibrosis of several organ
systems,16,24,99,108 from atherosclerosis,21 tumor growth,20

thrombosis,22 sepsis33 and diet induced obesity,18 and
also do not exhibit adverse effects on wound healing/
repair.19 Indeed, in recent extensive studies in mice,
www.thelancet.com Vol 99 January, 2024

www.thelancet.com/digital-health


Articles
administration of anti-CD248 antibodies “caused no
obvious toxicity in … brain, heart, liver, lung, kidney and
spleen.” When administered during pregnancy, the
antibodies also did not cause any embryonic develop-
mental defects in the murine offspring.109 Finally, anti-
CD248 antibodies have been safely administered to
humans in several clinical trials, albeit some to patients
with cancer where it might be difficult to assess for side
effects.110,111 Nonetheless, the evidence for CD248 being
a safe target is strong (reviewed in,95,109,112,113) and its cell-
surface functional expression, makes it an attractive one
to explore to overcome insulin resistance.

Finally, we have not excluded the possibility that
CD248 may promote insulin resistance and adipose
tissue dysfunction by additional mechanisms beyond its
binding and blocking the function of the IR and/or
triggering the receptor’s internalization. This may
include, for example, altering the extracellular matrix in
metabolically active tissues, promoting inflammation,
and/or dysregulating angiogenesis and fibrosis. We also
do not understand how/why CD248 is increased in
some individuals and not in others, and what epi/ge-
netic and/or environmental factors cause it to increase
in various states. Our findings that adipose/adipocyte
CD248 transcript levels rise in response to a HFD and
in obesity and return toward normal in humans
following bariatric surgery,18 suggest that changes in
adipose tissue structure/function trigger the increase in
CD248. However, without dietary or pharmacologic
intervention, this is likely to initiate a positive feedback
loop, as increased CD248 further promotes adipose
tissue hypoxia, dysfunction and worsening insulin
resistance.

Overall, we have uncovered a previously unrecog-
nized mechanism by which the extracellular region of
CD248 promotes insulin resistance by directly binding
to the IR. This molecular interaction constitutes a safe
and potentially uniquely accessible therapeutic target to
prevent/reverse insulin resistance.
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