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IMMUNOLOGY

The immune checkpoint B7-H3 (CD276)
regulates adipocyte progenitor metabolism and

obesity development

Elodie Picarda't, Phillip M. Galbo 12, Haihong Zong3, Meenu Rohini Rajan4, Ville Wallenius®,
Deyou Zheng>®, Emma Borgeson*’, Rajat Singh>2, Jeffrey Pessin®2, Xingxing Zang

The immune checkpoint B7-H3 (CD276) is a member of the B7 family that has been studied in the tumor microen-
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vironment and immunotherapy, but its potential role in metabolism remains largely unknown. Here, we show
that B7-H3 is highly expressed in mouse and human adipose tissue at steady state, with the highest levels in adi-
pocyte progenitor cells. B7-H3 is rapidly down-regulated upon the initiation of adipocyte differentiation. Com-
bined RNA sequencing and metabolic studies reveal that B7-H3 stimulates glycolytic and mitochondrial activity
of adipocyte progenitors. Loss of B7-H3 in progenitors results in impaired oxidative metabolism program and
increased lipid accumulation in derived adipocytes. Consistent with these observations, mice knocked out for
B7-H3 develop spontaneous obesity, metabolic dysfunction, and adipose tissue inflammation. Our results reveal
an unexpected metabolic role for B7-H3 in adipose tissue and open potential new avenues for the treatment of

metabolic diseases by targeting the B7-H3 pathway.

INTRODUCTION
The interactions between members of the B7 ligand family with their
corresponding receptors in the CD28 family provide signals of co-
stimulation and coinhibition to lymphocytes to regulate immune re-
sponses (I). B7-H3 (CD276), a member of the B7 family, is a type I
transmembrane protein composed of one pair of immunoglobulin V
(IgV) and IgC ectodomains in mice and two IgV-IgC domains repeat-
ed in tandem in humans. Basal B7-H3 protein expression is low and
restricted only to certain cell types including fibroblasts, progenitors,
and immune cells. Notably, B7-H3 is overexpressed in the vast major-
ity of human cancers and correlates with poor clinical outcome (2). It
exerts multiple functions from the regulation of innate and adaptive
immunity to the control of bone formation and tumor growth. The
B7-H3 pathway has remained elusive because no potential ligands or
receptors have been described so far. Two recent studies showed
that B7-H3 controls aerobic glycolysis in cancer cells, either by
reactive oxygen species (ROS)-mediated stabilization of hypoxia-
inducible factor 1a (HIF1a) (3) or by regulating hexokinase 2 (HK2)
(4), suggesting its association with metabolic signaling. This patho-
logical role exhibited by B7-H3 during malignancy indicates that this
protein might also harbor physiological functions in healthy tissues.
Obesity has become an epidemic in developed countries across
the world. In 2017-2018, the prevalence of obesity was 42.4% in the
United States (5). Worldwide obesity has nearly tripled since 1975, with
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a total of 650 million obese adults in 2016 (World Health Organization;
www.who.int/news-room/fact-sheets/detail/obesity-and-overweight).
Obesity causes adipocyte dysregulation and the release of proinflam-
matory cytokines and adipokines that, in turn, recruit proinflam-
matory immune cells into the fat tissue. Inflammatory cells worsen
insulin resistance, thus enhancing adipose tissue dysfunction. This
ultimately results in metabolic syndrome, a serious condition that
significantly increases the risk for developing type 2 diabetes, cardio-
vascular diseases, hepatic steatosis, periodontal disease, and a number
of cancers. Although classically associated with Western diet habit,
obesity is also linked to certain genetic factors causing deregulation
of glucose and lipid metabolism, adipogenesis, and insulin signaling
(6-9). Individuals harboring such genetic disruptions or polymor-
phisms can become overweight even with low-calorie diets, sug-
gesting that obesity can be induced not only by excess nutrient
intake but also by deregulations per se in energy storage and utiliza-
tion by the adipose tissue. The intricate pathways by which adipo-
cytes control their metabolism, lipid fate, and how these connect to
adipose dysfunction and inflammation remain poorly understood.

Here, we show that the immune checkpoint B7-H3 is abundant-
ly expressed in mouse and human adipose tissues, with preferential
expression in adipocyte progenitors (APs). Lack of B7-H3 in APs
alters their transcriptional program characterized by changes in
carbohydrate metabolism and oxidative phosphorylation. Adipo-
cytes derived from B7-H3-null progenitors exhibit impaired mito-
chondrial function and increased lipid storage. Consequently, mice
knocked out for B7-H3 develop spontaneous obesity, which associ-
ates with loss of metabolic and immune homeostasis. Thus, the im-
mune checkpoint B7-H3 is an intrinsic pathway that regulates APs
and adipocyte metabolism and fat tissue homeostasis.

RESULTS

B7-H3 is highly expressed in adipose tissue and is
dysregulated with obesity

As the role of B7-H3 has largely been studied in tumors and in-
flamed tissues, we asked whether B7-H3 also controls cell function
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under normal physiologic states. To this purpose, we first analyzed
B7-H3 expression levels at steady state across 54 human tissues and

between B7-H3 gene expression and obesity across multiple human
cohorts. In the METSIM (METabolic Syndrome In Men) study (co-

hort 1) (10), RNA was obtained from subcutaneous fat biopsies
from randomly selected 770 Finnish men with a wide range of body
weight and insulin sensitivity. Our analyses of this dataset revealed
that B7-H3 gene expression was positively correlated with body
mass index (BMI) (Fig. 1B) and percent fat mass (Fig. 1C) but neg-
atively associated with the Matsuda index (Fig. 1D), a universally
accepted measure of insulin sensitivity. In our analyses of a second

7 hematologic cells using RNA sequencing (RNA-seq) datasets from the
Genotype-Tissue Expression (GTEx), FANTOMS5, and Human
Protein Atlas (HPA) project (www.proteinatlas.org/ENSG00000103855-
CD276/tissue). Combining all three sources showed that B7-H3 ex-
pression was highest in adipose tissue and lowest in hematologic cells
(Fig. 1A). These results suggest an important homeostatic function
for B7-H3 in adipose tissue. Next, we studied the correlation
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Fig. 1. B7-H3 is highly expressed in adipose tissue and dysregulated with obesity. (A) Normalized consensus human B7-H3 (hB7-H3) RNA expression across human
tissues and blood cells by combining the data from the three transcriptomics datasets (HPA, GTEx, and FANTOMS5) on the HPA. (B to D) Microarray analysis of hB7-H3
expression in subcutaneous fat biopsies of 770 men [GSE70353, METSIM study (70)] and correlation with BMI (B), percent of fat mass (C), and Matsuda index of insulin
sensitivity (D). Red line represents nonlinear regression analysis with straight line fitting. r, correlation coefficient. (E) Microarray analysis of hB7-H3 gene expression in
subcutaneous fat from lean nonobese (n = 26) and obese women (n =30) [GSE25401 (77)]. (F) Microarray analysis of hB7-H3 in subcutaneous fat from obese women before
(bBS, n=16) and after (aBS, n = 16) bariatric surgery and from never-obese lean individuals (lean, n = 16) [GSE59034 (12)]. (G) Microarray analysis of mouse B7-H3 (mB7-H3)
gene expression in gWAT from lean mice (n=6), obese (n=6), and formerly male obese mice (n=6) [GSE97271 (13)]. Mice of the obese group received a high-fat high-sucrose
diet (Research Diets, D12331; 58% kcal from fat) for 27 weeks, while mice of the lean group were given the low-fat control diet (Research Diets, D12329, 10.5% kcal from
fat). After 20 weeks of feeding, a group of HFD-fed mice was switched to the low fat-containing control diet for another 7 weeks. Data are represented as means + SEM
in (E) to (G). Data were analyzed by Pearson correlation (B to D), Student’s t test (E), and one-way analysis of variance (ANOVA) (F and G). *P < 0.05 and **P < 0.01.

20f23

Picarda et al., Sci. Adv. 8, eabm7012 (2022) 27 April 2022


http://www.proteinatlas.org/ENSG00000103855-CD276/tissue
http://www.proteinatlas.org/ENSG00000103855-CD276/tissue

SCIENCE ADVANCES | RESEARCH ARTICLE

cohort (11), we observed that obese women displayed higher adi-
pose tissue expression of B7-H3 than nonobese women (Fig. 1E).
Last, our analyses of a third cohort of 16 women undergoing bar-
iatric surgery (12) revealed the down-regulation of B7-H3 expres-
sion after surgery to levels observed in lean controls who had no past
history of obesity (Fig. 1F). On this premise, we analyzed the ex-
pression of B7-H3 in datasets published from mouse studies. In a
mouse dataset (13), we found that B7-H3 expression in white
adipose tissue (WAT) was significantly up-regulated in wild-
type (WT) mice fed with a high-fat diet (HFD) compared to a reg-
ular chow (Fig. 1G). Reverting obese mice to low-fat feeding for 7
weeks led to down-regulation of B7-H3 expression to levels ob-
served in lean mice (Fig. 1G). Collectively, our analyses show that
B7-H3 is highly expressed in adipose tissue at steady state and pos-
itively correlates with obesity in human and mice. Our analyses
point to potential roles of B7-H3 in pathophysiology of obesity and
metabolic disease.

B7-H3 is constitutively expressed in APs in mice and humans

Because B7-H3 is highly expressed in adipose tissue, we thought to
identify which fat depot(s) and cell type(s) express B7-H3. First, we
compared B7-H3 gene expression in mouse white and brown fat.
We found that B7-H3 mRNA was abundantly expressed in gonadal
WAT (gWAT) and inguinal WAT (iWAT), while only modest ex-
pression was detected in brown adipose tissue (BAT) (Fig. 2A). The
adipose tissue is a complex endocrine tissue composed of mature
adipocytes along with stem AP, endothelial, and immune cells (14),
collectively called the stromal vascular fraction (SVF). To identify
which cell type(s) express B7-H3, mouse gWAT was dissociated into
separate adipocytes and SVF for analysis of gene expression. B7-H3
mRNA was highly expressed in the SVF as compared to primary
adipocytes (Fig. 2B). Our analyses of a published mouse microarray
dataset showed that the same is true for iWAT (fig. S1A) (15). We
further confirmed that B7-H3 protein was expressed in mouse SVF
cell lysate and absent in adipocytes by Western blotting as depicted
in Fig. 2C. In contrast, perilipin, a lipid droplet-associated protein,
was present in adipocytes but not detected in the SVF (Fig. 2C).
These results suggest that B7-H3 is not expressed in primary adipo-
cytes but is present in the fraction harboring their precursors. Con-
sequently, we used flow cytometry to identify the expression of
B7-H3 in a cell-specific manner, and we observed little to no ex-
pression of B7-H3 in CD45" immune cells and CD31" endothelial
cells (Fig. 2, D and E). By contrast, B7-H3 was expressed in about
60% of the lineage-negative CD45 CD31 Lin~ cells of the mouse
SVE. These Lin"~ cells contain several mesenchymal stromal cell
populations of stem or progenitor type. Consequently, we analyzed
the coexpression of B7-H3 with various markers of APs. B7-H3"
cells highly coexpressed CD29, Scal, and platelet-derived growth
factor receptor o (PDGFRa) and, to a lesser extent, CD90 and CD34
(Fig. 2F and fig. S1B). In contrast, B7-H3" cells displayed low to
intermediate levels of CD90, PDGFRa, and Scal (Fig. 2F). We fur-
ther noted that more than 90% of Lin"CD29"Scal 'PDGFRa" cells,
often referred to as APs (16) or adipose mesenchymal stromal cells,
were positive for B7-H3 (Fig. 2G), suggesting that B7-H3 is a possi-
ble marker for this cell population.

Given our findings in mice, we then sought to assess the expres-
sion of B7-H3 in human adipose tissue. To this end, we analyzed
microarray expression data of subcutaneous fat biopsies from the pre-
viously described METSIM cohort (10). We also analyzed microarray
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data from a separate cohort of nonobese individuals (17), wherein
SVF and adipocytes were isolated from subcutaneous adipose tissue.
Consistent with our results in mice, we found that B7-H3 expression
negatively correlated with the CD45 immune cell marker (Fig. 2H)
and with adipocyte markers, adiponectin and perilipin (Fig. 21
and fig. S1C). By contrast, B7-H3 expression was found to predom-
inantly enrich in the SVF (Fig. 2]) and associated positively with
human adipose mesenchymal stem cells markers, CD90, CD105, and
CD73 (Fig. 2K). Furthermore, we analyzed B7-H3 expression in
single-cell RNA-seq data from human subcutaneous WAT cells by
exploring the dataset (18). We found that B7-H3 mRNA is predom-
inantly expressed in preadipocytes and largely absent in adipocytes
(fig. S1D). To confirm these findings, we performed flow cy-
tometry on normal human adipose-derived stem cells (hADSCs;
Lonza) isolated from lipoaspirates of one normal (nondiabetic)
adult. We found that hADSCs highly expressed CD90, CD73, and
B7-H3 (fig. S1E). Furthermore, we used an immunohistochemistry
(IHC)-based approach to assess the expression of B7-H3 protein in
adipose tissue from obese human participants. After careful assess-
ment, we failed to observe any signal for B7-H3 positivity in human
adipocytes, while B7-H3" cells were detected in areas between adi-
pocytes, i.e., the areas that constitute the SVF (Fig. 2L). These data
suggest that the immune checkpoint B7-H3 is predominantly ex-
pressed in mouse and human APs.

B7-H3 is down-regulated during AP differentiation

Having found that B7-H3 was specifically expressed in APs and ab-
sent in primary adipocytes, we tested whether B7-H3 expression
was down-regulated during adipocyte development. We proposed
that down-regulation of B7-H3 expression was required for differ-
entiation of adipocytes. To test this possibility, we performed a time
course analysis of gene expression during in vitro adipogenic differ-
entiation of mouse 3T3-L1 preadipocytes, which constitutively ex-
press a high level of B7-H3 in the undifferentiated state (Fig. 2M).
Provision of the adipogenic cocktail to the culture led to rapid
down-regulation of mouse B7-H3 mRNA, which remained low
throughout the experiment (Fig. 2N). In contrast, peroxisome pro-
liferator-activated receptor y (PPARY), a master regulator of adipo-
cyte differentiation, was progressively up-regulated over time (Fig. 2N).
In agreement with these findings, analysis of pooled mouse embry-
os during embryonic and postnatal development (19) showed de-
creased mouse B7-H3 mRNA expression during the course of adipose
tissue formation (Fig. 20), as also observed with other APs markers
such as Sox9 (20). In sharp contrast, CEBPa (CCAAT Enhancer
Binding Protein Alpha), a gene required for adipocyte commitment
and differentiation, was gradually up-regulated during the course of
adipocyte development (Fig. 20). In consistency with our findings in
3T3-L1 cells, levels of human B7-H3 expression in adipose tissue-
derived human stromal stem cells (21) were found to decrease after
7 days of adipogenic differentiation, while PPARYy was significantly
increased (Fig. 2P). Collectively, our data indicate that, upon adipo-
genic differentiation, APs rapidly reduce their levels of B7-H3, sug-
gesting that reduction of B7-H3 protein is required for adipocyte
differentiation.

Lack of B7-H3 alters the transcriptional program of APs

To gain insight into the function of B7-H3 in APs, we performed
RNA-seq analysis of APs isolated from either WT controls or
whole-body B7-H3 knockout (KO) mice. Total RNA was purified
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Fig. 2. B7-H3 is highly expressed in mouse and human APs. (A) B7-H3 mRNA in gWAT (n = 3), iWAT (n=5), and BAT (n =5) of mice. (B) B7-H3 mRNA in primary adipocytes
and SVF from mouse gWAT (n = 3). (C) B7-H3, perilipin, and actin by Western blot on primary adipocytes and SVF from mouse gWAT (n = 1). (D and E) Flow cytometry
of SVF from mouse gWAT (n = 5). Staining (D) and average expression (E) of B7-H3 in CD45%, CD31%, and CD45CD31™ (Lin") cells. (F) Heatmap of classical stem/progenitor
markers expression by B7-H3" and B7-H3™ Lin™ cells. (G) B7-H3 on CD29"Sca-1"PDGFRa" mouse APs. (H and I) B7-H3-negative correlation with CD45 (H) and adipocyte
marker perilipin (1) in the METSIM study (n = 770) [GSE70353s (70)]. The red line represents nonlinear regression with straight line fitting. (J) B7-H3 gene expression in
primary adipocytes (n =4) and SVF (n = 5) from subcutaneous WAT of nonobese individuals [GSE80654 (17)]. (K) B7-H3—positive correlation with adipose-derived stem cell
(ADSC) markers CD105, CD90, and CD73 in the METSIM study (n = 770). (L) B7-H3 IHC of subcutaneous fat from obese individuals (n = 14). Arrows indicate positive stain-
ing areas. (M) Flow cytometry plot of B7-H3 on 3T3-L1 preadipocytes (n = 5). iso, isotype. (N) B7-H3 and PPARy mRNA expression in 3T3-L1 during adipogenic differen-
tiation (n=2). (O) B7-H3, CEBPa, and Sox9 expression in mouse WAT from embryonic stage e15.5 to day 12 after birth [GSE29502 (79)]. PO, postnatal day 0. RNA from
developing WAT pooled from four independent embryos (n = 4). (P) B7-H3 and PPARy mRNA in human adipose-derived stromal stem cells before (n =5) and after (n=4)
7 days of adipogenic differentiation [GSE61302 (27)]. Data are represented as means + SEM. For (A), (C), (E), and (F), one representative experiment of two independent
experiments is shown. Data were analyzed by one-way ANOVA (A and E), Pearson correlation (H, I, and K), and Student’s t test (B, F, J, and P). *P<0.05, **P<0.01,
***P < 0.001, and ****P < 0.0001.
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from WT or B7-H3 KO APs freshly purified by fluorescence activated
cell sorting (FACS) from three pooled gWAT for each sample.
Principal components analysis demonstrated that APs from WT
and KO mice clustered in distinct groups (fig. S2A). Upon differen-
tially expressed gene (DEG) analysis, we identified a total of 152 genes
with significant expression changes: 50 and 102 genes were up- and
down-regulated, respectively, in B7-H3 KO compared to WT APs
(table S1). Unsupervised hierarchical clustering displayed a unique
set of DEGs in KO APs compared to WT AP cells (Fig. 3A). Unbiased
gene set enrichment analysis (GSEA) was then performed with
Hallmark, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway, and Gene Ontology-Biological Process (GO-BP) gene set
collections in the Molecular Signatures Database. These revealed that,
while only two pathways were significantly up-regulated in B7-H3
KO progenitors as compared to control cells (tables S2 and S3),
most pathways were significantly down-regulated in the B7-H3 KO
APs (table S4). The top 10 pathways down-regulated in B7-H3 KO
APs for each collection are displayed in Fig. 3B. Multiple gene sets
including those associated with ribosomal, proteasomal, unfolded
protein response, translation initiation, and protein folding path-
ways were affected, suggesting cell stress and reduced protein syn-
thesis in B7-H3 KO APs (Fig. 3B). Key pathways, such as nonobese
diabetic-like receptor, tumor necrosis factor-o, mammalian target
of rapamycin complex 1 (mTORC1), and interleukin-6/Janus kinase/
signal transducer and activator of transcription 3 (IL-6/JAK/STAT3)
signaling pathways were found to be down-regulated in B7-H3 KO
APs. Among these, nTORCI is a master regulator of cellular growth
and metabolism and is associated with proglycolytic metabolism
(22). Myc, another proglycolytic factor, was also a part of the DEG
list (Fig. 3A and table S1) (fold change of -3.67 KO versus WT), and
Myc target genes were found to be underrepresented in genes of
higher expression in B7-H3 KO APs (Fig. 3B). The myc network has
been shown to control multiple functions, including cell prolifera-
tion, differentiation, growth, and metabolism (23). Consequently,
we narrowed our analysis to the physiologically significant meta-
bolic gene sets and found that carbohydrate (glycolysis), lipid [fatty
acid (FA) metabolism], and amino acid (regulation of cellular amino
acid metabolic process) metabolism were largely impaired in B7-H3
KO APs with respect to WT APs (Fig. 3C), suggesting that B7-H3
protein globally controls substrate utilization in APs. The expres-
sion of FA oxidation genes was not decreased in B7-H3 KO APs
(fig. S2B). However, mitochondrial oxidative phosphorylation,
tricarboxylic acid cycle, and adenosine triphosphate (ATP) synthesis
were each dysregulated in B7-H3-deficient APs when compared to
WT progenitors (Fig. 3C). The list of genes that contributed to the
enrichment of metabolic pathways in B7-H3 KO cells is provided in
table S5. Together, our transcriptomic analyses indicate that B7-H3
is broadly required for stimulation of diverse molecular pathways
that typically associate with protein biosynthesis and metabolic
regulation, and, perhaps in this way, B7-H3 broadly maintains the
identity of AP cell.

B7-H3 stimulates glycolytic and oxidative metabolism in APs
To determine whether the differences in the transcriptomic program
translate into functional changes, we compared the metabolic activ-
ities of APs isolated from WT and B7-H3 KO mice in an ex vivo
scenario. To that purpose, we performed a Seahorse glycolysis stress
test (GST) to measure glycolytic activity in isolated cells. Extracellu-
lar acidification rate (ECAR) and oxygen consumption rate (OCR)
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were measured as indicators of cellular glycolysis and mitochondrial
respiration, respectively. Consistent with our transcriptomic data,
in response to GST, KO cells showed only a modest increase in
ECAR after injection of saturating amounts of glucose when com-
pared to WT cells (Fig. 4A). While injected oligomycin, which in-
hibits ATP-coupled respiration, led to further increases in ECAR in
control cells, ECAR tended to be dampened in oligomycin-injected
B7-H3 KO APs (Fig. 4A). Because both glycolysis and glycolytic ca-
pacity, albeit to a lower extent, of B7-H3 KO APs were largely im-
paired (Fig. 4B), these data suggest that B7-H3 plays a role in
stimulating glycolytic function in APs.

To further confirm that B7-H3 stimulates glycolysis, we performed
loss-of-function and gain-of-function study using an immortalized
preadipocyte cell line, Ing-svf, which was established from SVF cells
isolated from iWAT of C57BL/6 mice (24). We sought to use the
Ing-svf cell line to ensure that changes in glycolysis are due to cell-
intrinsic effect of loss of B7-H3 and not secondary to a cell nonau-
tonomous regulation in vivo. To knock out B7-H3 in vitro, we
transduced Ing-svf cultures with lentiCRISPRv2 constructs con-
taining scramble nontargeted or B7-H3-targeted CRISPRko single
guide RNAs (sgRNAs). Transduced cells were stained for B7-H3
and FACS-sorted into stable populations of control and B7-H3 KO
Ing-svf cells (fig. S3A). Consistent with our findings in B7-H3 KO
APs, B7-H3 KO Ing-svf cells were also less glycolytic, albeit modestly,
when compared to the control cell line (Fig. 4, C and D). We con-
firmed these results by overexpressing B7-H3. To this end, we trans-
duced Ing-svf cells with control or B7-H3-expressing pHIVzgreen
lentivirus. Zgreen™ fluorescent cells were then FACS-sorted into
stable population of control and B7-H3"8" Ing-svf cells (fig. S3B).
As expected, increasing B7-H3 expression in cells resulted in signifi-
cantly higher glycolytic activity in Ing-svf preadipocytes compared
to controls (Fig. 4, E and F). In addition, B7-H3-driven increases in
glycolysis correlated with increased oxidative metabolism in APs. When
compared to controls cells, basal OCR was lower both in B7-H3 KO
APs (Fig. 4G) and in KO Ing-svf cells (Fig. 4H). These differences
were maintained despite glucose administration (Fig. 4, G and H),
suggesting that B7-H3 controls glucose-mediated OCR by APs. B7-
H3 has been shown to regulate glycolysis in cancer cells through
modulation of cellular ROS levels and HIF1a stability (3). Here, we
noted that ROS levels tended to decrease in B7-H3 KO APs com-
pared to WT APs (fig. S3C). Furthermore, B7-H3 KO APs had sig-
nificantly lower mitochondrial mass [as measured by MitoTracker
Green staining (25)] (fig. S3D) and mitochondrial membrane po-
tential [as measured by MitoTracker Deep Red staining (25)] (fig.
S3E) compared to WT APs. Together, our data confirm that cell-
intrinsic B7-H3 drives glycolysis and oxidative metabolism in APs.

Lack of B7-H3 in APs alters oxidative program and lipid
storage in derived adipocytes

It has been described that the metabolic program in stem and pro-
genitor cells differs from the one observed in differentiated cells
(26, 27). While APs exhibit high glycolytic activity, differentiated
adipocytes exhibit a program based on oxidative metabolism (28).
Oxidative metabolism is a key for adipocytes’ biology because it is
tightly associated with both B-oxidation and storage of fat (29).
Consistent with this idea, we observed a marked decrease in glycol-
ysis as WT APs (high glycolytic rates) differentiated into corre-
sponding adipocytes (low glycolytic rates), while the change was
minimal for B7-H3 KO cells (Fig. 5A).
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Fig. 3. Lack of B7-H3 alters the transcriptional program of APs. (A to C) RNA-seq was performed on APs purified by FACS from gWAT of age- and weight-matched WT
(n=2)and B7-H3 KO (n = 2) mice. For each sample, gWAT was pooled from three mice before enzymatic digestion, staining, sorting, and RNA purification. (A) Heatmap of
DEGs (>2-fold) between WT and B7-H3 KO APs. (B and C) Pathway and gene sets enriched in genes down-regulated in B7-H3 KO compared to WT APs. GSEA was per-
formed to identify KEGG, Hallmark, and GO-BP sets that were significantly enriched (false discovery rate < 0.05) for genes down-regulated in B7-H3 KO APs. Top 10 path-
ways (B) and selected metabolic gene sets (C) are listed and ranked on the basis of normalized enrichment score.

To test whether metabolic gene alterations in progenitors were
maintained in derived adipocytes, we analyzed the expression of 84
key genes involved in mitochondrial respiration, including genes
encoding components of the electron transport chain and oxidative
phosphorylation complexes, in WT and B7-H3 KO differentiated
adipocytes by using the RT* Profiler Mitochondrial Energy Metabolism
qPCR Array (QIAGEN). Most of the significantly down-regulated
genes in B7-H3 KO adipocytes were subunits (Nduf genes) of the
mitochondrial complex I {NADH [reduced form of nicotinamide
adenine dinucleotide (NAD)]-coenzyme Q reductase} (Fig. 5B and
table S6). Cox11, Atp4a, and Atp4b are part of the mitochondrial
complex IV (ATP synthase), while Uqgcrh is part of the mitochondrial

Picarda et al., Sci. Adv. 8, eabm7012 (2022) 27 April 2022

complex I1I (coenzyme Q-cytochrome c reductase) (Fig. 5B). Thus, we
confirmed that metabolic gene alterations found in B7-H3-deficient
progenitors (Fig. 3C and table S5) were conserved in differenti-
ated adipocytes. Consistently, while their glycolytic capacity was
not altered (Fig. 5C), we observed that the OCR was reduced in
adipocytes derived from B7-H3 KO APs (Fig. 5D), suggesting
that loss of B7-H3 in APs affects the oxidative program in derived
adipocytes.

To test whether B7-H3-driven metabolic programming of APs
and adipocytes regulates fat storage, we compared lipid accumulation
in WT and B7-H3 KO adipocytes after 10 days of differentiation by
staining neutral lipid droplets with both HCS LipidTOX Red reagent
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Fig. 4. B7-H3 promotes AP glycolytic and oxidative metabolism. (A and B) GST on APs isolated from iWAT of WT (n = 6) and B7-H3 KO mice (n =6). Cells were isolated
by positive magnetic selection and passaged once. (A) Glucose (Glu.), oligomycin (oligo.), and 2-deoxyglucose (2-DG) were sequentially injected while the ECAR was
measured over time. (B) Glycolysis, glycolytic capacity, and glycolytic reserve were calculated. (C and D) Ing-svf cell line, derived from immortalized SVF from WT mouse
iWAT, (Ing-svf) was transduced with two nontargeted scrambles or two B7-H3-targeted sgRNA lentiCRISPRv2 viruses to generate two stable control and two B7-H3 KO
Ing-svf cell lines. GST was performed on transduced FACS-sorted cell lines (n = 2). (C) Glucose (Glu.), oligomycin (oligo.), and 2-DG were sequentially injected, while the
ECAR was measured over time. (D) Glycolysis, glycolytic capacity, and glycolytic reserve were calculated. (E) Ing-svf was transduced with control or B7-H3-encoding
pHIVzgreen lentivirus to generate stable control and B7-H3"igh Ing-svf cell lines. GST was performed on transduced FACS-sorted cell lines (n =2). (F) Glycolysis and glyco-
lytic capacity were calculated. (G) OCR of APs isolated from iWAT of WT (n=6) and B7-H3 KO (n =6) mice during GST (left). Basal OCR is shown on the right. (H) OCR of
scramble and B7-H3 gRNA lenti-transduced Ing-svf during GST (n = 2) (left). Basal OCR is shown on the right. Data are represented as means + SEM between two indepen-
dent experiments and are normalized to the mean of the control values for each experiment [for (B), (D), and (F) to (H)]. Data were analyzed by Student’s t test with Welch
correction (B, D, and F to H). *P < 0.05, **P < 0.01, and ***P < 0.01.
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Fig. 5. Lack of B7-H3 in APs alters oxidative program and lipid storage in
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APs and derived adipocytes 7 days after induction of differentiation. Glycolysis
was compared between APs and adipocytes. (B) Volcano plot of DEGs between WT
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Red (top left) and ORO (top right) representative staining of iWAT WT (n=3) and
B7-H3 KO (n=5) APs after 9 days of differentiation to adipocyte lineage and
quantification of ORO absorbance (bottom). Scale bars, 50 um (white) and 200 um
(black). (F) HCS LipidTOX Red (top left) and ORO (top right) representative staining of
control (n = 2) and B7-H3-overexpressing (n = 2) Ing-svf after 9 days of differentiation
to adipocyte lineage and quantification of ORO absorbance (bottom). Scale bars,
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and Oil Red O (ORO) dye. We observed that B7-H3 KO adipocytes
displayed a small but significantly increased accumulation of neutral
lipids per cell compared to WT cells (Fig. 5E). To determine whether
these differences were due to increased KO adipocyte differentia-
tion, we quantified the gene expression levels of progenitor- and

Picarda et al., Sci. Adv. 8, eabm7012 (2022) 27 April 2022

adipocyte-specific markers, as well as adipogenic factors, in both
nondifferentiated APs and adipocytes at day 9 of adipogenesis. We
found that progenitor markers PDGFRo, and Scal were expressed at a
similar level in WT and B7-H3 KO progenitors and were down-
regulated with differentiation to adipocytes (fig. S4A). Master regu-
lators of adipogenesis Ppary and Cebpa, as well as FA and glucose
transporters Fabp4 and Glut4, were similarly up-regulated in WT
and B7-H3 KO adipocytes (fig. S4B), indicating no difference in
adipogenesis between the two groups. Furthermore, isolated WT
and B7-H3 KO APs showed comparable proliferation, as measured
by cell counting kit (CCK) assay ex vivo (fig. S4C).

We confirmed these results by overexpressing B7-H3. While their
differentiation was similar (fig. S4D), B7-H3-overexpressing Ing-svf
cells displayed reduced lipid accumulation as compared to control
Ing-svf cells (Fig. 5F). Together, these results suggest that the ex-
pression of B7-H3 in APs serves to imprint an oxidative program in
their differentiated progeny, thereby limiting fat storage.

B7-H3 KO mice develop spontaneous obesity

Because B7-H3 alters metabolism and fat storage, we hypothesized
that the absence of B7-H3 would lead to accrual of fat and onset
of obesity. To test this possibility, we measured body weight over
time in age-matched B7-H3 KO and WT control mice that were
fed a regular chow diet that contains 9% crude fat (PicoLab, 5058).
We observed that both B7-H3 KO male and female mice gained
significantly more weight, being 60% heavier than WT controls at
4 months of age (Fig. 6, A and B). Body weights diverged early on,
around 7 weeks of age for females and 10 weeks for males. To
rule out potential differences in the genetic background, we back-
crossed B7-H3 KO mice to WT mice and confirmed that rederived
B7-H3 KO mice gained significantly more weight than B7-H3*'*
littermate controls (fig. S5A). To determine whether obesity also
develops with a lower fat chow diet, we fed mice with a 4.5% crude
fat diet (PicoLab, 5053) and observed that body weights of B7-H3
KO mice increased after 15 weeks compared to control mice for
both genders (fig. S5B). Furthermore, feeding mice with a HFD
with 60% calories provided by fat (TestDiet, 58Y1) exacerbated
weight gain in B7-H3 KO mice when compared to controls (Fig. 6C).
Mice knocked out for another immune checkpoint of the B7
family—PD-L1 (Programmed death-ligand 1), recently reported as
a marker of brown fat (30)—showed no body weight difference as
compared to WT mice under HFD (fig. S5C), confirming a unique
role for B7-H3 in controlling body weight gain.

To assess whether lack of B7-H3 induces excessive fat accumula-
tion in vivo, we performed quantitative nuclear magnetic resonance
(NMR) (Fig. 6D) and computed tomography (CT) scanner imaging
(Fig. 6E). Compared to controls, B7-H3 KO mice displayed in-
creased fat mass, notably in the visceral and subcutaneous regions,
while no change in lean mass was observed. Given the development
of adiposity in B7-H3 KO mice, we sought to compare the weight
and size of different mouse fat depots to determine whether fat
accrual occurred in specific depot. We found that gWAT, iWAT,
and BAT depots from 4-month-old B7-H3 KO mice were heavier
and larger than those from WT mice (Fig. 6F). Histological analysis
of WAT was performed to study adipocyte hypertrophy. We ob-
served that adipocytes from B7-H3 KO gWAT were significantly
larger in size than WT cells with an average area twice the size of
WT cells (Fig. 6G). WT adipocytes were largely characterized by
smaller cell area (<4000 pmz), while the B7-H3 KO cells displayed
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broad increases in cell area as depicted in Fig. 6H. Consistent with
the obesity phenotype, as expected, B7-H3 KO brown adipocytes
showed higher lipid content and bigger lipid droplets than WT
cells, indicating the “whitening” of brown fat (fig. S5D). Obesity de-
velopment in B7-H3 KO mice remained independent of changes in
feeding, because both young and older age-matched WT and

Picarda et al., Sci. Adv. 8, eabm7012 (2022) 27 April 2022

B7-H3 KO mice had similar daily food intake (fig. S5, E and F), with
comparable meal number, meal size, meal interval, and satiety ratio
and shorter meal duration in B7-H3 KO mice (fig. S5G). To test
whether lack of B7-H3 increases absorption of dietary lipids, we
subjected WT and B7-H3 KO mice to an oil gavage after overnight
fasting. The amounts of serum triglyceride (TG) detected at 1, 2,
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and 6 hours after gavage were similar between the two groups,
suggesting similar lipid absorption (fig. S5H). Furthermore, energy
expenditure measured by indirect calorimetry at 5 weeks of age (fig.
S5I) and 16 weeks of age (fig. S5]) was comparable between WT and
B7-H3 KO mice. Consistent with our findings ex vivo in fig. S4B, we
detected similar gene expression of PPARY, FA-binding protein 4
(FABP4), and CEBPo in gWAT from WT and B7-H3 KO mice (fig.
S5K), suggesting no difference in adipogenesis in vivo. Last, while
physical activity was found to be similar in both groups at 5 weeks
of age (fig. S5L), activity showed a tendency to decrease in the B7-H3
KO animals at 16 weeks of age (fig. S5M), likely, in part, because of
their higher body weights. Hence, changes in energy intake, system-
ic energy expenditure, adipogenesis, and physical activity are likely
not the primary determinant of adiposity in B7-H3 KO mice.

As microbiota is involved in obesity development in some mouse
models (31-33), we evaluated its potential role in the increased adi-
posity observed in B7-H3-deficient animals. We found that modu-
lating microbiota either by broad-spectrum antibiotics treatment or
cohousing mice (fig. S6A) did not prevent the onset of obesity nor
transfer it to control animals, suggesting that the gut microbiota is
not a major contributor to the obesity observed in B7-H3 KO mice.
Together, our results demonstrate that lack of B7-H3 in mice in-
duces substantial fat storage and spontaneous obesity despite feed-
ing a nonobesogenic regular chow diet and independently of the gut
microbiome.

Nonimmune parenchymal cell-intrinsic B7-H3 expression
protects against obesity

We showed earlier that the highest expression of B7-H3 is found in
WAT, specifically in APs. Mouse B7-H3 protein is absent in other
organs regulating metabolism such as liver, skeletal muscle, and
brain (34). However, it is expressed by certain immune cells, such as
activated dendritic cells and macrophages (1), which contribute to
regulate metabolism. To test whether B7-H3-protective effect on
obesity was intrinsic to APs and/or immune cells, we generated
bone marrow (BM) chimeric mice. BM cells from WT or B7-H3 KO
donor mouse were injected into either WT or B7-H3 KO irradiated
young recipient mice. First, we confirmed that B7-H3 KO mice
reconstituted with KO BM developed obesity compared to WT
controls receiving WT BM (Fig. 6I). However, reconstitution of ir-
radiated B7-H3 KO mice with WT BM (i.e., B7-H3 expressed on
immune cells but absent on tissue cells) failed to prevent excessive
body weight gain (Fig. 6I). Furthermore, WT mice that received KO
BM (i.e., B7-H3 expressed on tissue cells but absent on immune
cells) remained lean over time. Together, these data confirm that
B7-H3 expression on radio-resistant tissue cells, but not on cells
from hematopoietic origin, protects against obesity.

Innate and adaptive immunity do not contribute to obesity
onset in B7-H3 KO mice

Because B7-H3 plays an important function in regulating immunity
(35), we sought to determine the contribution of the innate immune
signaling to the excessive weight gain in B7-H3 KO mice. To do
this, we generated BM chimeras using MyD88 ™'~ donor mice. B7-
H3 KO mice reconstituted with either WT or MyD88™~ BM devel-
oped obesity at a similar rate when compared to WT lean recipients
injected with WT or MyD88™'~ BM (fig. S6B). Thus, impairment of
the BM-derived TLR-MyD88 signaling in the B7-H3 KO mice does
not appear to protect from obesity. Furthermore, because one
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major function of B7-H3 is to inhibit T cell activity in mouse and
human (36, 37), we tested the contribution of T cells and natural killer
T (NKT) cells to the development of obesity in our B7-H3 KO mice.
To this purpose, we crossed the B7-H3 KO mice to Ragl KO immuno-
deficient mice, which lack T cells, B cells, and NKT cells, to generate
double KO mice and compared body weight gain and adiposity over
time. We found that both male and female Ragl.B7H3 KO mice de-
veloped obesity (fig. S6, C and D) with larger liver, iWAT, and gWAT
(fig. S6E) compared to Ragl KO control mice. Together, these re-
sults show that modulating the innate or adaptive immune system
does not prevent obesity development, suggesting that nonimmune
function of B7-H3 is the key to control adiposity.

Loss of B7-H3 reduces lipolysis and fat oxidation in adipose
tissue before obesity onset

Adipocyte lipid content is regulated positively by FA uptake, esteri-
fication, and de novo lipogenesis and regulated negatively by lipolysis
and FA oxidation. Notably, B7-H3 was shown to regulate lipid metab-
olism of lung cancer cells (38). To determine whether the mechanism
by which loss of B7-H3 causes adiposity is, in part, via modifying
lipid metabolism in adipocytes, we studied these distinct pathways by
analysis of gene expression in gWAT and in vivo and ex vivo func-
tional assays in young animals. At 5 weeks of age, before the onset
of obesity, we observed no difference in the expression levels of key
lipogenic genes FA synthase (FAS), stearoyl-coenzyme A (CoA)
desaturase-1(SCD1), ATP citratelyase (ACLY),and carbohydrate-
responsive element-binding protein (ChREBP) (fig. S7A). Sterol
regulatory element binding protein 1 (SREBPI) was significantly down-
regulated in the B7-H3 KO fat pad (fig. S7A). We found no difference
in expression of the lipolytic enzyme lipoprotein lipase (LPL) (Fig. 7A)
between WT and B7-H3 KO groups. However, when mice were in-
jected with a B-adrenergic agonist to induce lipolysis (isoproterenol),
we noted a decrease in glycerol release in B7-H3 KO mice (Fig. 7B). This
suggests that B7-H3 KO adipocytes exhibit lower response to lipolytic
stimuli than WT cells. The enzyme PEPCK (Phosphoenolpyruvate
carboxykinase) involved in FA reesterification was expressed at sim-
ilar levels in both WT and B7-H3 KO tissues (fig. S7B). Unexpectedly,
gene expression of FABP and FA transporter CD36 in gWAT was sig-
nificantly decreased in the B7-H3 KO compared to WT mice (fig. S7C).
Collectively, these results suggest a partial role for B7-H3 in regulating
lipolysis in adipocytes before obesity onset.

As we observed metabolic deregulations in both B7-H3 KO APs
and derived adipocytes ex vivo (Figs. 4 and 5), we evaluated wheth-
er these dysfunctions were conserved in mice. The gene expression
of HK2, an enzyme involved in the first step of glycolysis, was sig-
nificantly decreased in gWAT of B7-H3 KO mice, confirming the
defective glycolysis at the tissue level (Fig. 7C). We then studied
whether mitochondrial activity was decreased in B7-H3 KO adipose
tissue as compared to WT controls by conducting respirometry
analysis on tissue explants ex vivo. Basal OCR was measured after
tissue permeabilization with digitonin. gWAT from B7-H3 KO
mice showed a trend toward decreased OCR as compared to WT
depot (Fig. 7D). On the contrary, liver and BAT OCRs were similar
(fig. S7, D and E), indicating that B7-H3 stimulates mitochondrial
respiration specifically in WAT.

To test whether the reduced oxidative metabolism in B7-H3 KO
WAT was associated with a decrease in the occurrence of brown-
like “beige” adipocytes within WAT, a phenomenon called “beiging,”
we measured the expression of classical thermogenic genes in
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Blood was collected before and after intraperitoneal injection of isoproterenol to
measure plasma free glycerol over time. (C) mRNA level the glycolytic enzyme HK2 in
gWAT from lean 5-week-old WT (n = 5) and B7-H3 KO mice (n = 5). (D) OCR of gWAT
freshly isolated from lean 6-week-old WT (n =4) and B7-H3 KO mice (n = 4) (left) and
area under the curve (right). Digitonin was injected to permeabilize the tissue, and
OCR was recorded over time. (E) H&E staining of gWAT histological sections from
6-week-old WT (n = 5) and B7-H3 KO (n = 5) mice. One representative image is shown
on the left. A minimum of 100 adipocytes per mouse were quantified for area
(bottom). Frequency distribution of adipocyte areas is shown on the right. (F) mRNA
levels of perilipin genes in gWAT of 5-week-old WT (n =5) and B7-H3 KO (n = 5) mice.
Data are represented as means + SEM between one (A, C, D, and F) and two (B and E)
independent experiments. Data were analyzed by Student’s t test. *P < 0.05.

WAT and BAT. The recently described beige adipocyte marker, pro-
ton assistant amino acid transporter-2 (PAT2) (39), showed similar
expression in all tissues of both genotypes (fig. S8A). However, the
transmembrane protein 26 (Tmem26) tended to be decreased in
iWAT from B7-H3 KO mice (fig. S8B). The brown fat markers PR
domain containing 16 (Prdm16), uncoupling protein 1 (Ucp1), and
purinergic receptor P2X 5 (P2RX5) were mostly expressed in BAT
with little to no expression in WAT (fig. S8, C to E). Only P2RX5
was differentially expressed between WT and B7-H3 KO tissues, as it
was down-regulated in both KO gWAT and iWAT and up-regulated
in KO BAT (fig. S8E). P2RX5 is an ATP-gated ion channel, suggesting
that its variable expression in the three fat tissues might correspond
to energetic dysfunction.
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Last, we investigated whether decreased lipolysis and oxidative
metabolism associated with early signs of increased fat storage. We
observed no significant difference in adipocyte size (Fig. 7E) and
area distribution (fig. S8F) between gWAT from lean 5-week-old
B7-H3 KO and WT mice, indicating that adipocyte hypertrophy
does not precede changes in weight gain. However, discrete changes
in lipid storage were already apparent at the gene expression level.
Perilipin 1 (Plinl) and Plin3, regulators of lipolysis and lipid stor-
age, were overexpressed in B7-H3 KO gWAT compared to WT
gWAT (Fig. 7F). Overall, our data suggest that lack of B7-H3 is as-
sociated with decreased lipolysis and fat oxidation in WAT.

B7-H3 deficiency leads to obesity-associated systemic
metabolic deregulation

Obesity is commonly associated with metabolic impairments, par-
ticularly systemic alteration of glucose metabolism. To assess the
metabolic state of B7-H3 KO obese mice, we first measured levels of
several indicators in the sera following overnight fasting. Fasting
glucose (Fig. 8A) and insulin levels (Fig. 8B) were increased in B7-
H3 KO mice compared to WT mice. Similarly, B7-H3 KO sera were
enriched in TG (Fig. 8C), nonesterified free FAs (Fig. 8D), and total
cholesterol (Fig. 8E). Leptin and adiponectin are two main adi-
pokines secreted by adipocytes participating in metabolic homeo-
stasis (40). We found that leptin levels were increased in serum
(Fig. 8F) as well as gWAT, iWAT, and BAT from B7-H3 KO mice
compared to WT mice (fig. SOA), while adiponectin levels were un-
changed in gWAT and iWAT but decreased in BAT (fig. S9B). Se-
rum leptin tended to decrease in B7-H3 KO mice at 5 weeks of age
before the development of obesity (fig. S9C), but it did not signifi-
cantly affect food intake as shown in fig. S5E. Thus, the hyperleptin-
emia seen at later stages (Fig. 8F) likely represents a compensatory
secretion in response to obesity-associated leptin resistance (41).
Next, to determine whether obesity in B7-H3 KO mice associates
with defects in glucose metabolism, we performed insulin tolerance
test (ITT) and glucose tolerance test (GTT) in vivo. In the ITT, in-
sulin failed to lower the blood glucose levels in B7-H3 KO mice
when compared to controls (Fig. 8G), suggesting the development
of insulin resistance. Intraperitoneal GTT (IPGTT) (fig. S9D) and
oral GTT (OGTT) (fig. S9E) results were similar between WT and
B7-H3 KO groups, indicating preserved glucose sensitivity. However,
plasma insulin levels were higher in B7-H3 KO mice during OGTT
(Fig. 8H), likely as a way to compensate for the obesity-associated
insulin resistance. Together, these data demonstrate that B7-H3 KO
obese mice exhibit reduced sensitivity to insulin compared to con-
trol lean mice.

Similar to our study in young mice before obesity onset, we
assessed the expression of glycolytic and lipid metabolism genes
in gWAT from 4-month-old mice. GAPDH (glyceraldehyde-3-
phosphate dehydrogenase), an enzyme involved in the sixth step of
glycolysis, was significantly decreased in gWAT and iWAT of B7-H3
KO mice but not in BAT (Fig. 8I), confirming the defective glycoly-
sis observed in APs ex vivo (Fig. 4) and in younger lean mice
(Fig. 7C). While FATP mRNA remained decreased, CD36 mRNA
was slightly increased in the B7-H3 KO compared to WT tissues
(Fig. 8]). We further isolated APs and differentiated them to white
adipocytes that were incubated with fluorescent BODIPY FA to
measure uptake over time. We observed that, upon insulin stimula-
tion, B7-H3 KO AP-derived adipocytes displayed increased FA up-
take over time as compared to WT cells (Fig. 8K), likely contributing
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Fig. 8. B7-H3 deficiency induces systemic metabolic deregulation. (A to F) Blood biochemistry analysis after overnight fasting. (A) Serum glucose, (B) insulin, (C) TGs,
(D) nonesterified free FAs (NE FFA), (E) total cholesterol, and (F) leptin were compared between 5-month-old WT (n = 5) and B7-H3 KO mice (n=5). (G) ITT after 5 hours of
fasting on 4-month-old WT (n = 5) and B7-H3 KO (n = 5) mice and area under the curve. Blood glucose was measured before and after intraperitoneal injection of lean mass
of insulin (0.5 U/kg). (H) OGTT after 12 hours of fasting on 4-month-old WT (n = 5) and B7-H3 KO (n = 5) mice and area under the curve. Plasma insulin was measured before
and after oral gavage of lean mass of glucose (1 g/kg). (I) GAPDH mRNA expression in gWAT (n =3 to 4), IWAT (n=4to 5), and BAT (n = 3 to 4) from WT and B7-H3 KO mice.
(J) mRNA levels of FA transport genes in gWAT from 10-month-old WT (n = 5) and B7-H3 KO (n = 5) mice. (K) FA uptake of adipocytes differentiated from APs of WT (n = 6)
and B7-H3 KO (n = 6) mice ex vivo with or without insulin (ins.) stimulation for 1 hour before the assay. RFU, relative fluorescence units. (L) OCR of gWAT freshly isolated
from 4-month-old WT (n =4) and B7-H3 KO mice (n =4) and area under the curve. Digitonin was injected to permeabilize the tissue, and OCR was recorded over time.
(M) Liver weight of 5-month-old WT (n = 15) and B7-H3 KO (n = 15) female mice. (N) Liver weight of 7-month-old WT (n = 5) and B7-H3 KO (n = 5) male mice. (O) Representative
H&E staining of male liver histological sections. Data are represented as means + SEM between one (A to J and N), two (K and L), and three (M) independent experiments.
Data were analyzed by two-way ANOVA (K) and Student’s t test (A to J and L to N). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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to sustain obesity. Consistent with a previous report (42), we noticed
a slight trend toward decreased expression of FAS, SCDI, and ACLY
lipogenic genes in gWAT from B7-H3 KO obese mice as compared
to WT lean mice (fig. SOF). Furthermore, similar to young mice be-
fore obesity onset (Fig. 7D), gWAT from B7-H3 KO obese mice
showed decreased OCR as compared to WT depot (Fig. 8L), while
liver and BAT OCRs were similar (fig. S9, G and H), confirming
reduced oxidative metabolism in B7-H3 KO adipose tissue.

During obesity, when the ability of adipose tissue to store and
sequester lipids is compromised, excess of lipids can begin to ecto-
pically accumulate in organs such as the liver. Consistent with this
notion, we observed that livers were considerably heavier in B7-H3
KO female (Fig. 8M) and male mice (Fig. 8N). Furthermore, hema-
toxylin and eosin (H&E) staining of liver sections revealed TG accu-
mulation in the livers of B7-H3 KO male mice (Fig. 80), a condition
known as macrovesicular hepatic steatosis, which is a common
occurrence during obesity and insulin resistance. In summary, our
results show that B7-H3 deficiency induces obesity-associated sys-
temic metabolic deregulation.

Adipose tissue from B7-H3 KO mice display early and late
inflammation that is worsened by HFD

Because obesity is classically associated with chronic low-grade ad-
ipose tissue inflammation (43), we sought to test whether B7-H3
KO mice exhibit adipose tissue inflammation. To this end, we ana-
lyzed major immune cell types residing in the gWAT of WT and
B7-H3 KO mice fed a regular chow diet, using flow cytometry at an
early age before obesity onset and at a later time point. At 6 weeks
old, i.e., before the body weight divergence between WT and KO
mice, we found that CD45" immune cell frequency was increased in
KO gWAT (Fig. 9A), but the cell number per gram of fat was similar
(fig. S10A). We found elevated numbers of adipose neutrophils in
B7-H3 KO mice fed a regular diet (Fig. 9B). Neutrophils have been
shown to infiltrate the adipose tissue very early after HFD feeding
and to suppress insulin signaling (44). Neutrophil depletion through
antibody treatment did not prevent obesity development in B7-H3
KO mice (fig. S10B), suggesting that neutrophil recruitment is not
essential to obesity onset in KO mice. Eosinophils, type 2 innate
lymphoid cells (ILC2), and NKT cells are innate immune cells
known to maintain immune and metabolic homeostasis of the adi-
pose tissue through secretion of anti-inflammatory cytokines and
maintenance of tissue-resident M2 macrophages (45). We found
that these three populations were decreased in the B7-H3 KO tissue
(Fig. 9C), indicating early loss of immune homeostasis before body
weight divergence between WT and KO mice. At 16 weeks of age,
during obesity, both CD45" immune cell frequency (fig. S10C) and
absolute number (Fig. 9D) were significantly elevated in B7-H3 KO
animals. Similar to early stage, proportions of eosinophils, ILC2,
and NKT cells remained lower in the KO compared to WT mice
(fig. S10D). We observed a trend toward an increased infiltration of
total macrophages and T cells in B7-H3 KO fat (fig. SI0E). Adipose
regulatory T cells (Tegs) were also unexpectedly elevated in B7-H3
KO mice (fig. S10E), likely as a regulatory response to the excessive
local inflammation. In adipose tissue, the expression of CD11c and
CD206 markers distinguishes proinflammatory M1 from regulato-
ry M2 macrophages, respectively (46). We observed an increased
frequency of M1 subtype and decreased frequency of M2 subtype
among the total pool of macrophages in the B7-H3 KO gWAT
(Fig. 9E), resulting in higher M1/M2 ratio (Fig. 9F). Moreover, M1
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macrophage absolute cell numbers were significantly elevated in
KO tissue (Fig. 9G), confirming that, during obesity, B7-H3-
deficient mice develop substantial inflammation in fat tissue.

To investigate whether excessive fat intake further worsens adi-
pose tissue inflammation in B7-H3-deficient animals, we fed WT
and B7-H3 KO mice with a HFD (60% fat) and analyzed immune
cell infiltration in gWAT. First, we confirmed that the proportion
(fig. S10F) and total number of immune cells (Fig. 9H) were higher
in the B7-H3 KO gWAT compared to WT tissue. Moreover, we
found that HFD feeding exacerbated the immune cell infiltration
in gWAT from B7-H3 KO mice compared to a regular chow
(Fig. 9, D and H). gWAT from B7-H3 KO mice contained about
six times more macrophages than gWATs from WT controls (Fig. 91),
with M1 proinflammatory cells accounting for half of the total mac-
rophages in B7-H3 KO tissue (Fig. 9]). We observed that propor-
tions of eosinophils, ILC2, and NKT cells were decreased (fig.
S10G), while numbers of mast cells, inflammatory monocytes, den-
dritic cells, and T cells were significantly elevated in gWAT from
B7-H3 KO mice as compared to WT controls (Fig. 9K). Overall, we
found that adipose tissue inflammation significantly worsens with
HEFD feeding in B7-H3 KO mice. Together, our data suggest that
metabolic deregulations in B7-H3 KO mice are associated with ear-
ly proinflammatory signals in adipose tissue, which evolve into a
more chronic obesity-associated inflammation over time.

DISCUSSION

Immune checkpoints play key roles in the regulation of cellular im-
munity (47), as they are essential for maintaining immune homeo-
stasis and preventing autoimmunity. Moreover, tumors exploit
these immune modulatory pathways to suppress and evade immune
clearance. In this context, the immune checkpoint B7-H3 has been
mostly studied for its role in the tumor microenvironment and as a
promising target for cancer immunotherapies (2). However, little is
known about tissue expression and potential nonimmune function
of B7-H3. In this study, we reveal an unexpected metabolic role for
B7-H3 in adipose tissue. We showed that B7-H3 is highly expressed
in mouse and human APs and dysregulated with obesity. B7-H3
may not only serve as a previously unrecognized marker of APs but
also stimulated their glycolytic and oxidative metabolism. More-
over, adipocytes differentiated from B7-H3-deficient APs were less
oxidative and stored more fat. Consequently, B7-H3 KO mice rap-
idly developed spontaneous obesity on a normal chow diet. The
rapid weight gain was accompanied by a strong accumulation of
WAT containing hypertrophic adipocytes. The B7-H3 KO mice ex-
hibited hyperglycemia, hyperinsulinemia, dyslipidemia, liver ste-
atosis, and decreased WAT lipolysis and FA oxidation. Furthermore,
we demonstrated that obesity in B7-H3 KO mice was associated
with marked adipose tissue inflammation.

Recent studies reported a link between immune checkpoint and
cellular metabolism in cancer (48). For example, blocking PD-L1 on
tumors dampens glycolysis by inhibiting mTOR activity (49). Like-
wise, B7-H3 promotes aerobic glycolysis in cancer cells (3, 50) by
regulating the glycolytic enzyme HK2 (4). In addition, c-myc may be
involved in the downstream pathway of B7-H3-regulated glycolysis
in HeLa cells (50). In line with these studies, our RNA-seq analysis
showed that c-myc and its target genes, such as HK2, were down-
regulated in B7-H3 KO APs. Our work highlights that constitutive
expression of B7-H3 allows for metabolic regulation in nonmalignant
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Fig. 9. B7-H3 KO mice exhibit early and late adipose tissue inflammation. (A to C) Immune cell populations of gWAT from 6-week-old WT (n=15) and B7-H3 KO
(n=15) mice fed a regular chow diet were analyzed by flow cytometry. (A) Proportion of CD45* immune cell among total SVF. (B) Number of neutrophils per gram of fat.
(C) Proportion of anti-inflammatory type 2 immune cell subsets among total CD45" immune cells. (D to G) Immune cell populations of gWAT from 5-month-old WT
(n=10) and B7-H3 KO (n = 10) mice fed a regular chow diet were analyzed by flow cytometry. (D) Number of CD45* cells per gram of fat. (E) Representative dot plots and
proportions of CD11c* M1 proinflammatory and CD206" M2 tissue-resident macrophages among total CD11b*F4/80" macrophages. (F) Ratio of M1 over M2 macro-
phages. (G) Absolute number of CD11c*F4/80* M1 macrophages per gram of fat. (H to K) WT (n = 10) and B7-H3 KO (n = 10) mice were fed with a HFD for 14 weeks before
analysis of immune cell infiltration in gWAT. (H) Absolute number of CD45* immune cell per gram of fat. (I) Absolute number of F4/80* macrophages per gram of fat. (J)
Proportion of M1 and M2 macrophages among total macrophages. (K) Absolute number of various proinflammatory immune cell subsets per gram of fat. Data are repre-
sented as means + SEM between two (D to K) to three (A to C) independent experiments. Data were analyzed by Student’s t test. *P < 0.05, **P < 0.01, ***P <0.001, and
***%p < 0.0001. DC, dendritic cell. Eosino, eosinophil; Infl. mono, inflammatory monocyte.

progenitor cells. Thus, it appears that cancer cells may exploit this We found that B7-H3 expression was gradually decreased in de-
intrinsic metabolic pathway by overexpressing B7-H3 to reprogram  veloping adipose tissue through embryonic and postnatal stages
their glucose metabolism and support tumor growth (3). Consistent  and during preadipocyte differentiation into adipocytes. In con-
with this idea, cancer cells and stem cells have been shown to share  trast, B7-H3 is highly expressed in developing bones during em-
common metabolic signatures (51). bryogenesis, and its expression increases as osteoblast precursor
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cells differentiate into mature osteoblasts, thereby promoting bone
mineralization (52). Glycolysis seems to be an essential feature of
osteoblast differentiation, whereas differentiated adipocytes prefer
oxidative phosphorylation (53). As we showed that B7-H3 promoted
glycolysis, this explains the differences in expression during lineage
specification and how B7-H3-dependent metabolic programming
influences cell fate and the degree of bone formation and adiposity.
By promoting glycolysis, B7-H3 may contribute to maintain stem-
ness (26). Thus, down-regulation of B7-H3 during adipocyte differ-
entiation may allow metabolic reprogramming toward the adipocyte
lineage (28). Similar to B7-H3 KO mice, Thyl (CD90) KO mice have
increased body fat and decreased bone mass (54). Thyl promotes
osteogenesis but inhibits adipogenesis of mesenchymal stem cells.
Recent studies have shown that B7-H3 knockdown induces differ-
entiation of human glioblastoma by modulating myc expression
(55) and angiogenic differentiation of human late endothelial pro-
genitor cells (56). In our study, while we saw no effect of B7-H3 on
adipocyte differentiation per se, adipocytes derived from B7-H3-
deficient APs had a reduced oxidative metabolism and accumulated
more lipids. In a recent human study, molecularly distinct human
AP subtypes differentiate into adipocytes with different metabolic
capacities (57). Further studies are warranted to understand how
B7-H3 expression in progenitors drives a particular metabolic pro-
gram in the adipocyte progeny.

Metabolic changes in APs modify nutrient availability and metab-
olite secretion into the adipose microenvironment, thereby affecting
cellular metabolism and function of neighbor cells. By performing
Seahorse analysis, we demonstrated that the lack of B7-H3 in APs
reduced lactate production, which was associated with decreased
lipid oxidation in whole fat depot. Lactate has recently emerged as
an important metabolic substrate feeding the oxidative metabolism
of adipocytes (58). Therefore, decreased lactate secretion by B7-H3
KO APs could impair the metabolism of surrounding adipocytes.
Besides metabolites, our RNA-seq analysis also identified changes
in inflammatory response, chemokines, and cytokine secretion by
B7-H3 KO APs. We observed that IL-6 was down-regulated in B7-
H3 KO APs. A large body of literature supports the notion that IL-6
plays an essential physiological role in the regulation of adipose tis-
sue and lipid metabolism (59). IL-6 KO mice develop mature-onset
obesity (60). Moreover, IL-6 promotes lipolysis and B-oxidation in
adipocytes (61). Further experiments will be needed to explore the
potential contribution of the B7-H3/IL-6 pathway in metabolic ho-
meostasis.

One major finding of our study is that B7-H3 KO mice develop
spontaneous obesity on a normal chow diet. The lack of B7-H3 did
not alter food intake and activity as usually seen in other murine
obesity models (22). Instead, we reveal that B7-H3 promotes lipoly-
sis and FA oxidation in adipocytes, thereby limiting excessive lipid
storage. Last, it is unexpected that the immunoregulatory function
of B7-H3, notably on T cells, does not play a role in obesity develop-
ment. Instead, our data indicate that adipose tissue inflammation
develop as a consequence of early metabolic dysfunction but likely
contributes to insulin resistance later on.

In summary, we show that B7-H3, an immune checkpoint that
has been widely studied in the tumor microenvironment and is a
target of cancer immunotherapy in clinical trials, is predominantly
expressed on APs and controls AP metabolism, as well as the lipo-
lytic and oxidative properties of differentiated adipocytes, therefore
limiting lipid storage and protecting from obesity. The B7-H3
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pathway might offer a new therapeutic avenue to explore new treat-
ment of obesity and metabolic diseases, which remains a medicinal
challenge (62). For example, modulating the B7-H3 pathway through
the use of agonistic antibodies might constitute a novel pharmacologic
approach for weight loss management. Future studies are warranted
to explore the feasibility, efficacy, and safety of these approaches.

Limitations of the study

B7-H3 was originally described as a ligand binding to its unknown
receptor on T cells (63). Some recent studies suggest that it can
function as a receptor, but potential ligands and mechanisms of sig-
nal transduction remain unknown. In this study, we did not address
whether B7-H3 acted as a ligand and/or receptor to regulate AP me-
tabolism. The B7-H3 intracytoplasmic domain, which lacks canon-
ical signaling motifs, was recently shown to bind to the major vault
protein (MVP), thus activating the mitogen-activated protein ki-
nase pathway and promoting cancer cell stemness (64). MVP gene
knockout aggravates HFD-induced obesity in mice (65). Further
investigations will be needed to evaluate the potential role of MVP
in B7-H3 signaling in APs. Furthermore, we did not address the
consequences of increased B7-H3 levels found in the tissue from
obese participants because of the difficulties of testing this in hu-
man individuals and in murine models overexpressing B7-H3. Our
results tempt us to speculate that this up-regulation is protective,
although future studies will be required to validate this hypothesis.

MATERIALS AND METHODS
Animals and animal care
B7-H3 KO mice were previously generated (66) and had been back-
crossed at least 12 generations onto the C57Bl/6 background. B7-
H3 KO mice were crossed to Ragl KO mice (Jackson Laboratory).
Double Ragl.B7-H3 KO mice were used for experiments and com-
pared to Ragl littermate controls. C57Bl/6 WT control mice and
MyD88 '~ mice were purchased from Jackson Laboratory. B7-H3**
control littermates were generated by backcrossing B7-H3 KO mice
to C57Bl/6 WT mice. PD-L1”'~ mice were previously reported (67).
All mice were housed and bred within a pathogen-free barrier
facility that maintained a 12-hour light/12-hour dark cycle, at 20° to
22°C. Experiments were conducted on female mice unless other-
wise stated. Mice were fed a normal chow diet (PicoLab Mouse Diet
20; 5058, LabDiet) and had access to sterile water ad libitum. Alter-
natively, mice were fed with a low-fat diet (PicoLab Mouse Diet 20;
5053, LabDiet) or HFD (58Y1 60% kcal % of fat, TestDiet). From 5
weeks old until 30 weeks old, mice were monitored for body weight.
All animal studies were in compliance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Commit-
tee at Albert Einstein College of Medicine.

ITT and GTT

For ITT, mice were fasted for 5 hours. Recombinant insulin (0.5 U/kg
of lean mass) was injected intraperitoneally, and blood glucose con-
centrations were measured before and 30, 60, and 120 min after
insulin injection with the OneTouch Glucose Monitoring System
(LifeScan Inc.). For GTT, mice were fasted for 12 hours. IPGTT was
performed following an intraperitoneal injection of glucose (1 g/kg
of lean mass). Blood glucose levels were analyzed before and 30, 60,
and 120 min following glucose injection. For OGTT, glucose was
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administered by gavage, and both blood glucose and insulin levels
were measured before and 30, 60, and 120 min after gavage. Insulin
was measured with the Ultra-Sensitive Mouse Insulin ELISA Kit
(Crystal Chem Inc.).

Histology and IHC

Mouse tissues were collected, fixed with 10% neutral buffer forma-
lin, and embedded in paraffin. Tissue sections were cut and stained
with H&E. H&E-stained tissues were imaged with a slide scanner
microscope. To measure adipocyte hypertrophy, the cross-sectional
size (area; umz) of adipocytes (100 cells per mouse) was determined
in gWAT using Adiposoft plug-in in Image] software.

Human subcutaneous fat tissue was obtained from obese partic-
ipants (BMI over 35 to 55 kg/m?, aged 18 to 65 years) undergoing
gastric bypass surgery. Samples were collected in the context of clinical
care during the patient’s routine gastric bypass operation. Adipose
tissue was only collected at baseline during the surgery. Participants
were excluded if they were taking anti-inflammatory and/or immuno-
suppressive drugs, currently smoked, or had been diagnosed with
significant gastrointestinal disease or inflammatory bowel disease.
Study participants were enrolled in accordance with the Helsinki
Declaration and provided written informed consent. The study
was approved by the Gothenburg Ethical Review Board #682-14
(ClinicalTrials.gov, NCT02322073). Human fat tissue was fixed in
Histofix solution (Histolab, #1000) and embedded in paraffin. After
antigen retrieval using 1x citrate unmasking solution (Cell Signal-
ing Technology (B7-H3) , #14746), slides were stained with rabbit
anti-CD276 (B7-H3) monoclonal antibody (mAb) (Cell Signaling
Technology, DOM2L) and the SignalStain Boost IHC Detection Re-
agent (HRP, Rabbit; #8114) following the manufacturer’s instruc-
tions. Slides were imaged with a slide scanner microscope.

Flow cytometry

Purified cells were first incubated with Fc block (Tonbo) and live-
dead marker in 1x phosphate-buffered saline (PBS)/2 mM EDTA/2%
fetal bovine serum (FBS)/0.1% azide FACS buffer for 20 min at
4°C. Primary antibodies were then added for 30 min at 4°C. Cells
were washed twice with FACS buffer and incubated with secondary
antibodies. For intracellular staining, cells were fixed and permeabi-
lized using a commercial kit (eBioscience) per the manufacturer’s
instructions. Briefly, fixation/permeabilization buffer was added to
the cells for 20 min at room temperature (RT). Cells were washed
with permeabilization buffer and incubated with primary intracellular
antibody for 30 min at 4°C or overnight. After two washing steps,
cells were resuspended in FACS buffer and were ready for acquisition.
Several antibody cocktails were used to identify distinct cell popula-
tions within mouse adipose depots. Immune cells are CD31~CD45".
Endothelial cells are CD45 CD31". Total macrophages are identified
as CD31"CD45"CD11b"F4/80". Proinflammatory M1 macrophages
are CD31"CD45'CD11b"F4/80"CD11c". Tissue-resident M2 mac-
rophages are CD31"CD45"CD11b"F4/80*CD206". Dendritic cells
are CD31"CD45"CD11b*CD11c". Neutrophils are CD31"CD45"
CD11b*Ly6G". Eosinophils are CD31"CD45"CD11b"SiglecF".
Monocytes are CD31"CD45"CD11b*Ly6G Ly6C". T cells are CD31~
CD45"CD3". Tregs are CD31"CD45'CD3"CD4 FoxP3". B cells are
CD31 CD45"B220". NK cells are CD31 CD45"NK1.1". NKT cells
are CD31"CD45"CD3*NK1.1". ILC2 cells are CD31 CD45"Lin"
(CD11c CD11b F4/807 SiglecF-CD37B2207) GATA3'IL-33R". Mast
cells are CD317CD45"FceRlIa". For progenitor/stem cell staining,
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anti-CD45, CD31, CD29, CD90, Scal, PDGFRa, CD34, and CD24
mAbs were used. Mouse B7-H3 was stained with BAF1397 anti-
mouse B7-H3-biotin (R&D Systems), followed by streptavidin conju-
gated to a fluorochrome. The BAF108 normal goat IgG-biotin was
used as isotype control (R&D Systems). Data were acquired using a
BD LSRII flow cytometer (BD Biosciences) and analyzed using
Flow]Jo software (version 10).

Neutrophil depletion

Five-week-old B7-H3 KO mice were injected intraperitoneally with
100 pg of InVivoPlus anti-mouse Ly6G (clone 1A8, Bio X Cell)
twice a week for 8 weeks. Depletion was confirmed by flow cytome-
try in mouse peripheral blood mononuclear cells.

Analysis of body composition, food intake,

and locomotor activity

Animals were analyzed for body composition by quantitative NMR
imaging and CT scan. Mice were single-housed for a week before
food intake measurement. Food was weighed daily for 4 days, and
daily average food consumption was calculated. For detailed food
intake study (meal number, size, interval, duration, and satiety ra-
tio), mice were single-housed in a metabolic chamber (Oxymax
CLAMS System, Columbus Instruments). After 3 days of acclimata-
tion, detailed patterns of food intake were recorded, analyzed, and
averaged over 3 days. Similarly, energy expenditure and sponta-
neous locomotor activity were recorded and analyzed in acclimated
mice single-housed for 3 days in metabolic chambers. Energy ex-
penditure data were analyzed using CalR, a web-based analysis tool
(https://calrapp.org/) (68).

Total RNA extraction and quantitative reverse transcription
polymerase chain reaction analysis

Total RNA was extracted from total gWAT, iWAT, and BAT using
the RNeasy Lipid Tissue Mini Kit (QIAGEN) following the manu-
facturer’s instructions. Total RNA was extracted from freshly isolated
gWAT SVF using the RNeasy Plus Micro Kit (QIAGEN) following
the manufacturer’s instructions. For primary adipocytes, the RNeasy
Lipid Tissue Mini Kit (QIAGEN) was used with slight modifica-
tions. Briefly, freshly isolated adipocytes were lysed in TRIzol LS by
vortexing for 30 s. The homogenate was then incubated 5 min at
37°C in a water bath to liquefy the lipids and centrifuged at 3200g
for 15 min at RT. The lower aqueous phase was secured into a sy-
ringe and transferred into a new tube, while the top layer (lipids)
was discarded. Further steps followed the manufacturer’s protocol
starting back with adding chloroform to the aqueous phase. Genomic
DNA was removed using the RNase-Free DNase Set (QIAGEN).
Total RNA was extracted from ex vivo-expanded APs using the
RNeasy Plus Micro Kit (QIAGEN) following the manufacturer’s
instructions. Total RNA was extracted from ex vivo-differentiated
adipocytes using the RNeasy Plus Micro Kit (QIAGEN) with mod-
ifications. Cells were lysed in QIAzol by homogenization with a
1-ml syringe and 23-gauge needle. The homogenate was then incu-
bated 5 min at 37°C in a water bath to liquefy the lipids and centri-
fuged at maximum speed for 15 min at RT. The lower aqueous phase
was secured into a syringe and transferred into a new tube, while the
top layer (lipids) was discarded. Chloroform (200 ul) was added,
and the tube was shaken for 15 s and incubated at RT for 3 min. The
mixture was centrifuged at 12,000 for 15 min at 4°C, and the upper
aqueous phase was transferred into a new tube. Further steps
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followed the RNeasy Plus Micro Kit (QTAGEN) manufacturer’s
protocol starting back with adding 70% ethanol to the aqueous phase.

For TagMan-based quantitative real time polymerase chain reac-
tion (QRT-PCR), complementary DNA (cDNA) was synthesized using
the SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific).
Gene expression was assessed by TagMan Technology using The
TaqMan Gene Expression Master Mix (Thermo Fisher Scientific)
with specific probes (listed in Table 1 oligonucleotides) and ABI
7900 qRT-PCR or ViiA 7 Real-Time PCR machines.

For the RT? Profiler PCR array mouse mitochondrial energy
metabolism (QIAGEN; SybR Green-based qRT-PCR), cDNA was
synthesized using the RT? First Strand Kit (QIAGEN). Data were
analyzed using the web-based RT? Profiler PCR Array data analysis
software (https://geneglobe.qiagen.com/us/analyze).

ORO staining and quantification

ORO working solution was freshly prepared each time by mixing
3 parts of stock ORO (in 100% isopropanol) with 2 parts of
dH,0. The mixture was filtered on 0.22 um after 20 min and used
within 2 hours. Cells were washed twice with PBS, fixed with 4% para-
formaldehyde for 30 min and washed twice with dH,O. After a
5-min incubation with 60% isopropanol, cells were stained with
ORO for 20 min on a rocker shaker, washed five times with dH,O,
counterstained with hematoxylin for 1 min, and washed three times
with dH,0. Images were taken under bright light with an EVOS
microscope. To quantify intracellular ORO, 100% isopropanol was
added to the well for 15 min on a rocker shaker to dissolve ORO. The
absorbance was measured at 510 nm using a Synergy H4 hybrid
reader (BioTek).

HCS LipidTOX staining

Isolated APs were grown and differentiated into adipocytes on glass
coverslips in 24-well plates. Cells were fixed with 3% paraformalde-
hyde in 1x PBS for 30 min at RT, followed by three washes with 1x
PBS. Cells were stained with 100 pl of 1x HCS LipidTOX Red neu-
tral lipid stain in 1x PBS (Thermo Fisher Scientific; 200x stock solu-
tion) for 1 hour at RT, followed by two washes with 1x PBS. Cells
were counterstained with the ProLong Gold Antifade Mountant
with 4’,6-diamidino-2-phenylindole (DAPI), let dry overnight at
RT in the dark, and stored at 4°C in the dark until imaging with a
Leica SP8 confocal microscope.

Generation of BM chimeras

Six-week-old recipient mice were sublethally irradiated at 1200 rads
with a cesium-source irradiator. Irradiated mice were treated with
antibiotics (sulfamethoxazole and trimethoprim, Hi-Tech Pharmacal)
in drinking water for 2 weeks to prevent infections. Bones were har-
vested from donor mouse, cut at both ends, and placed into a 0.5-ml
tube pierced at the bottom. This tube was nested in a 1.5-ml micro-
centrifuge tube and centrifuged 10,000¢ for 2 min at 4°C to spin out
the BM from the bones. One milliliter of RPMI and 10% FBS and
2 mM EDTA were added to the cells. The cell suspension was filtered
on 70 um mesh, counted, washed twice with PBS, and filtered on
40 pm before injection. Cells (2.5 x 10%) in 200 pl of PBS were admin-
istered to irradiated recipients via retro-orbital injection.

Isolation of SVF and differentiation
Mice gWAT or iWAT were harvested in Hanks’ balanced salt solution
(HBSS) 0.5% bovine serum albumin (BSA), minced, and incubated
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with collagenase II (2 mg/ml) and 5 mM CaCl, for 20 to 45 min at
37°C on a rotational shaker. Ten milliliters of HBSS, 0.5% BSA, and
2 mM EDTA were added to stop the digestion. The homogenate
was filtered onto 300 um mesh and centrifuged at 150¢ for 8 min at
RT. Floating adipocytes on top were collected, transferred to a new
tube, washed, and ready for analysis. The pellet, containing SVF cells,
was washed and centrifuged at 500g for 10 min at 4°C. For flow cytom-
etry analysis, erythrocytes were lysed using 2 ml of red blood cell lysis
buffer (Tonbo) for 5 min at RT. The SVF cell suspension was washed,
filtered on a 70 pm strainer, and stained with specific antibody cock-
tails. For AP isolation, the adipose tissue progenitor isolation kit
(Miltenyi) was used according to the manufacturer’s instructions.
Isolated cells were plated for expansion in Dulbecco’s modified Eagle’s
medium (DMEM) (Corning, 10-0170CV) containing high glucose
and pyruvate, supplemented with 10% FBS and 1% penicillin (pen)/
streptomycin (strep). Cells were grown to confluence. Two days after
confluency, adipogenic differentiation cocktail composed of 1 uM
dexamethasone, insulin (5pug/ml),0.5mM 3-isobutyl-1-methylxanthine
(IBMX), and 1 uM rosiglitazone was added for 2 days. Differentiated
cells were then maintained in enriched DMEM with insulin (5 ug/ml).

ECAR and OCR measurements

Cells

Cell bioenergetics was determined using the Extracellular Flux An-
alyzer (XF24; Seahorse Biosciences). APs were seeded in an XF24-
well microplate at 20,000 cells per well 1 day before the assay. The
sensor cartridge was hydrated in a Seahorse XF calibrant overnight.
Glycolytic activity was analyzed with the Glycolysis Stress Test Kit.
Cells were incubated in Seahorse XF base medium supplemented
with 2 mM glutamine for 1 hour at 37°C in a CO,-free incubator.
Both ECAR and OCR were recorded over time before and after se-
quential injection of the following compounds: (i) glucose (10 mM),
(ii) oligomycin (1 pM), and (iii) 2-deoxyglucose (50 mM). Each
measurement cycle consisted of 3 min of mixing, 2 min of waiting,
and 3 min of recording.

Tissues

Tissue bioenergetics was determined as previously described (69). Brief-
ly, BAT, WAT, and liver were collected rapidly after euthanasia and
rinsed with Krebs-Henseleit buffer (KHB) (111 mM NacCl, 4.7 mM
KCl, 2 mM MgSOy, 1.2 mM Na,HPOy, 0.5 mM carnitine, 2.5 mM
glucose, and 10 mM sodium pyruvate). Tissues were cut into small
pieces (8 to 13 mg) and quickly transferred to individual wells of an
XF24 plate. Individual pieces were stabilized from excessive move-
ment by islet capture screens (Seahorse Bioscience), and 675 pl of
KHB (supplemented with 2 mM ATP, 0.5 mM CoA, 0.1 mM NAD,
and 2 mM sodium pyruvate) was added to each well. Digitonin was
added to enhance plasma membrane permeability. Basal OCR was
determined at 37°C according to the following plan: Basal readings
were recorded every 2 min for five readings, followed by exposure to
digitonin. Subsequent readings were recorded after 2 min of mixing
and 2 min of rest. Basal OCR values were normalized to individual
tissue weights.

Mitochondria staining

Isolated APs were stained with 100 nM MitoTracker Green FM
(Invitrogen) and 10 nM MitoTracker Deep Red (Invitrogen) in 1x
PBS with 2% FBS for 15 min at 37°C, followed by two washes in 1x
PBS with 2% FBS. Data were acquired using BD FACSCalibur (BD
Biosciences) and analyzed using FlowJo software (version 10).
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Table 1. Oligonucleotide primers listed 5' to 3' ends.
# Name Primer sequence

B7-H3 sgRNA 1 (forward) CACCGAAAAAGTCCGCGATTACGTC

B7-H3 sgRNA 1 (reverse) AAACGACGTAATCGCGGAC C
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Intracellular ROS staining

SVF was stained with 1 pM CellROX Green Reagent (Invitrogen) in
DMEM for 30 min at 37°C, followed by two washes in 1x PBS and
staining with an antibody cocktail for APs. Data were acquired using a
BD LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo
software (version 10).

In vitro FA uptake assay

Isolated APs were plated in a flat-bottom 96-well plate at 5 x 10° cells
per well in 200 ul of DMEM supplemented with glucose, pyruvate,
10% FBS, and 1% pen/strep. Two days after the cells reached conflu-
ence, differentiation was induced with an adipogenic cocktail con-
taining 1 pM dexamethasone, insulin (5 pg/ml), 0.5 mM IBMX, and
1 uM rosiglitazone for 3 days. Cells were then maintained in culture
medium containing insulin (5 pg/ml) for 2 days. On day 6, insulin
was removed. The assay was performed on day 7 using the QBT Fatty
Acid Uptake Assay Kit (Molecular Devices) per the manufacturer’s
instructions. Briefly, cells were first serum-starved for 2 hours and
then treated with 50 nM insulin for 1 hour. The kit loading bulffer,
containing the BODIPY dodecanoic acid fluorescent FA analog, was
added to the cells, and fluorescence was immediately recorded every
minute for 60 min using a bottom-read mode microplate reader.

TG absorption assay

Overnight-fasted mice were administered a corn oil gavage [20 X
body weight (ul)]. Blood samples were obtained by retro-orbital
bleeding at 0, 1, 2, and 6 hours after the corn oil gavage and serum
TG levels were determined using a commercial kit and following
the manufacturer’s instructions (Free Glycerol Reagent, Sigma-
Aldrich, F6428; Triglyceride Reagent, Sigma-Aldrich, T2449).

Cell culture and differentiation

hADSCs were purchased from Lonza. 3T3-L1 cells were purchased
from ZenBio and used at low passage. Ing-svf cells were a gift from
R. Gupta (24). Low-passage cells were cultured in DMEM (Corning,
10-0170CV) containing high glucose and pyruvate, supplemented
with 10% FBS, 1% pen/strep at 37°C, and 10% CO,. Cells were
grown to confluence. Two days after confluency, adipogenic differ-
entiation cocktail was added for 2 days: 0.25 uM dexamethasone,
insulin (1 ug/ml), 0.5 mM IBMX, and 2 uM rosiglitazone for 3T3-L1
cells and 1 uM dexamethasone, insulin (5 pg/ml), 0.5 mM IBMX, and
1 uM rosiglitazone for Ing-svf cells. Differentiated cells were then
maintained in enriched DMEM with insulin (2 pg/ml) or insulin
(5 pug/ml) for 3T3-L1 and Ing-svg, respectively.

Western blotting

Cell pellets were incubated with ice-cold radioimmunoprecipitation
assay (RIPA) lysis buffer with proteinase inhibitor cocktail [Protease
and Phosphatase Inhibitor cocktail (100x), Thermo Fisher Scientific]
for 30 min at 4°C on a rotational shaker. The cell lysate was centri-
fuged for 20 min 13,000g at 4°C, and the supernatant containing pro-
teins was aliquoted and stored at —20°C. Protein concentration was
determined using the Pierce BCA protein Assay Kit (Thermo Fisher
Scientific). Each sample was mixed with Laemmli buffer (Bio-Rad)
and boiled at 100°C for 5 min to denature proteins. Samples were
loaded onto an ExpressPlus PAGE 12% gel (GenScript) and run for
45 min at 140 V in tris-MOPS-SDS running buffer. The Mini-Trans-
Blot Electrophoretic Transfer Cell System (Bio-Rad) was used to
transfer the proteins onto a polyvinylidene difluoride membrane per
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the manufacturer’s instructions. The membrane was first blocked
with 5% milk TBST (Tris-buffered saline with 0.1% Tween® 20) for 1
hour at RT followed by overnight incubation with primary antibody
diluted in 2% milk TBST at 4°C. The membrane was washed sev-
eral times with TBST, incubated with secondary antibody for 1 hour
at RT, and washed again. Clarity Western ECL substrate (Bio-Rad)
reagent was used for signal development and a Bio-Rad detection
machine. The following antibodies were used for Western blot: anti-
B7-H3 (AF1397, R&D Systems), anti-actin (C11, Santa Cruz Biotech-
nology), anti-goat horseradish peroxidase (HRP) (catalog no.
805-035-180), anti-Plinl (D418, Cell Signaling Technology), and
anti-rabbit HRP (7074, Cell Signaling Technology).

Metabolic measurements

Blood was collected after an overnight fasting. Glucose, total choles-
terol, TGs, nonesterified free FAs, insulin, and leptin concentra-
tions were determined in blood serum at the Biomarker Analytic
Research Core at Albert Einstein College of Medicine.

RNA-seq and pathway analysis

Six age- and weight-matched B7-H3 KO mice and six WT control
mice fed a 10% fat-purified diet (58Y2, TestDiet) were used at 10 weeks
old. Three gWATSs were pooled into one sample and processed as
described above. Single-cell suspension was incubated with Fc
block, CD31, CD45, PDGFRa, Scal, and B7-H3 antibodies at 4°C
for 20 min, washed, and incubated with streptavidin for another 20 min
at 4°C. Cells were filtered on 40 uM, and DAPI was added. A total of
7.10* to 2.10° B7-H3 KO and WT APs were sorted with a FACSAria
cell sorter and immediately processed for RNA extraction using an
RNeasy Micro Plus kit (QIAGEN). RNA integrity and concentration
were evaluated with the Bioanalyzer High Sensitivity Chip (Agilent).
High-quality total RNA (RNA integrity number > 8.0) was used to gen-
erate directional RNA-seq libraries using the KAPA RNA HyperPrep
Kit with RiboErase Kit (KK8560). Seventy-five-base pair, single-end
sequencing was performed on the Illumina NextSeq 500 platform at
the Epigenomics Shared Facility (Albert Einstein College of Medi-
cine) to a depth of at least 30 million reads per sample. Read align-
ment to the mouse genome (mm10) and read counts to genes were
generated using the STAR software (https://github.com/alexdobin/
STAR) (70) with —~quantmode. EdgeR (version 3.10) (71) was used to
compute the gene expression difference between WT and B7-H3 KO
samples. A fold change of >2 and adjusted P value of <0.05 were
set as cutoffs for significantly differential expressed genes. Before GSEA
analysis, all Ensemble IDs of mouse genes were mapped to the cor-
responding human gene symbols. Subsequently, genes were ranked
by —log;o(P value) and the sign of the log,(fold change). The ranks
were then used for GSEA to determine genes sets that were enriched
among the genes expressed in WT and B7-H3 KO samples (72).
Gene sets or pathways in the KEGG, Hallmark, and GO databases
with a false discovery rate of less than 0.05 were considered as statis-
tically enriched.

Lentiviral plasmid construction

LentiCRISPRv2

CRISPRko sgRNA were designed using the Genetic Perturbation Plat-
form Web Portal of the Broad Institute (https://portals.broadinstitute.
org/gpp/public/analysis-tools/sgrna-design). The sequences of B7-H3
sgRINA were as follows: sgRNA1, 5'-CGCGTCCGAGTAACCGACGA-3/,
targeting exon 3, and sgRNA 2, 5'-GTGTTCTGGAAGGATGGACA-3/,
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targeting exon 4. The top two nontargeted control sgRNA sequences
were selected from the Brie Library Control sgRNAs list (www.
addgene.org/pooled-library/broadgpp-mouse-knockout-brie/):
Scramble 1, 5-AAAAAGTCCGCGATTACGTC-3’ and Scramble 2,
5'-AAAACGGCTCGATCGGTGAT-3'. Two oligonucleotides con-
taining each sgRNA (primers #1 to #8) with 5’ overhang Bsbs I
digestion sites were designed to clone the construct into the lenti-
CRISPR v2 plasmid backbone (gift from F. Zhang; Addgene, plas-
mid #52961; http://n2t.net/addgene:52961; RRID:Addgene_52961)
(73). The cloning protocol was adapted from the ZhangLab lenti-
CRISPRv2 and lentiGuide oligo cloning protocol (https://media.
addgene.org/data/plasmids/52/52961/52961-attachment_B3x-
TwlaObkYD.pdf). The lentiCRISPRv2 plasmid was linearized by
enzymatic digestion with Bbs I for 30 min at 37°C and purified us-
ing the QIAquick gel extraction kit. Each pair of oligonucleotides
(100 mM) was annealed in T4 ligation buffer [New England Biolabs
(NEB)] in a 10-pl reaction for 5 min at 95°C, followed by a ramp
down to 25°C at 5°C/min. The ligation reaction was assembled in a
volume of 11 pl as follow: 50 ng of linearized plasmid, 1 ul of oligo
duplex diluted 1:200, 5 pl of 2X Quick Ligase Buffer (NEB), 1 pl of
Quick Ligase (NEB), and H,O, and incubated at RT for 10 min.
Last, Stbl3 Escherichia coli were transformed and plated on LB plate
containing ampicillin. Colonies were cultured overnight in liquid
LB for plasmid isolation using the ZymoPURE II Plasmid Midiprep
Kit and for sequence validation.

pHIV-zgreen

Full-length B7-H3 was cloned into the pHIV-Zsgreen plasmid (gift
from B. Welm and Z. Werb; Addgene, plasmid #18121; http://n2t.
net/addgene:18121; RRID:Addgene_18121) (74) using the NEB Gibson
Assembly Cloning Kit, according to the manufacturer’s instructions.
Briefly, the pHIV-Zsgreen vector was linearized by sequential enzy-
matic digestion with Hpa I and Not I and purified using the QIAquick
gel extraction kit. B7-H3 DNA insert was amplified from a B7-H3-
MSCYV plasmid by PCR using the Q5 High-Fidelity DNA Polymerase
(NEB) and a forward primer with 5’ overhang Not I site (primer #9)
and reverse primer with 5’ overhang Hpa I site (primer #10). The
PCR-amplified insert was ligated to the linearized vector according
to the Gibson Assembly Protocol (E5510). Last, NEB 5-alpha Com-
petent E. coli cells were transformed and plated on LB plate contain-
ing ampicillin. Colonies were cultured overnight in liquid LB for
plasmid isolation using the ZymoPURE II Plasmid Midiprep Kit
and for sequence validation.

Lentivirus production

One day before transfection, 293 T cells were seeded on collagen-coated
10-cm cell culture dish in DMEM with L-glutamine, 10% FBS, and 1%
pen/strep, at a density allowing for 80% confluency after 24 hours. Cells
were transduced using a jetPRIME transfection reagent (Polyplus)
according to the manufacturer’s protocol. Briefly, the lentiviral vector
containing the expression cassette was cotransfected with the enve-
lope expressing plasmid pCI-VSVG (a gift from G. Nolan; Addgene,
plasmid #1733; http://n2t.net/addgene:1733; RRID:Addgene_1733) and
the lentiviral packaging plasmid pCMVR8.74 (gift from D. Trono;
Addgene, plasmid #22036; http://n2t.net/addgene:22036; RRID:
Addgene_22036) for 4 hours. Then, the transfection medium was
replaced with fresh DMEM with L-glutamine, 10% FBS, and 1% pen/
strep. Forty-eight hours later, the viral supernatant was collected,
filtered through 0.45-um mesh to remove cellular debris, and
stored at —80°C.
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Lentivirus transduction

For B7-H3 KO lines

One day before transduction, 2.7 x 10° Ing-svf cells were plated in a
10-cm cell culture dish. Cells were transduced overnight with 1 ml
of viral supernatant in 10 ml of DMEM with 1-glutamine, 10% FBS,
and 1% pen/strep with polybrene (4 pg/ml). The medium was re-
placed with fresh medium containing puromycin (2 ug/ml). After
2 weeks of antibiotic selection, WT and B7-H3 KO Ing-svf cells were
isolated by FACS and cultured as stable cell lines.

For B7-H3-overexpressing line

One day before transduction, 1 x 10> Ing-svf cells were plated in a
60-mm cell culture dish. Cells were transduced overnight with 1 ml
of viral supernatant in 3 ml of DMEM with r-glutamine, 10% FBS,
1% pen/strep with polybrene (4 ug/ml). Two days later, transduction
efficiency was assessed by B7-H3 FACS staining and GFP expression.
One week after transduction, GFP* transduced cells were isolated by
FACS with a BD FACSAria (Becton Dickinson) and subsequently
cultured as stable GFP*"WT Ing-svf and GFP"B7-H3"¢" Ing-svf.

Cell proliferation assay

After magnetic isolation, APs were cultured ex vivo and passaged
once. Equal number of cells was plated in triplicate in a flat-bottom
96-well plate. Two days later, 10 ul of the CCK-8 (Dojindo) solution
was added to each well, and the plate was incubated for 3 hours at
37°C, 5% CO,. The absorbance at 450 nm was measured using a
microplate reader.

In vivo lipolysis

Weight-matched WT and B7-H3 KO mice were injected with iso-
proterenol (10 mg/kg) (Sigma-Aldrich) intraperitoneally at 5 weeks
old. Blood was collected before and after the injection at 0, 10, 20,
30, and 60 min. Free glycerol was detected in the plasma by quanti-
tative enzymatic reaction using the free glycerol reagent (Sigma-
Aldrich, F6428) and glycerol standard (Sigma-Aldrich, G7793) and
per the manufacturer’s instructions.

Statistical analysis

Data were expressed as means + SEM. The statistical test used in
each quantification is reported in the figure legends. Differences were
considered significant when the P value was less than 0.05 (P < 0.05).
The GraphPad Prism statistical software program (GraphPad Software
version 8) was used for all analyses.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm7012

View/request a protocol for this paper from Bio-protocol.
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