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Cachexiais amajor cause of morbidity and mortality in individuals with
cancer and is characterized by weight loss due to adipose and muscle

tissue wasting. Hallmarks of white adipose tissue (WAT) remodeling, which
often precedes weight loss, are impaired lipid storage, inflammation and
eventually fibrosis. Tissue wasting occurs in response to tumor-secreted
factors. Considering that the continuous endothelium in WAT is the firstline
of contact with circulating factors, we postulated whether the endothelium
itself may orchestrate tissue remodeling. Here, we show using human

and mouse cancer models that during precachexia, tumors overactivate
Notchlsignaling in distant WAT endothelium. Sustained endothelial Notchl
signalinginduces a WAT wasting phenotype in male mice through excessive
retinoic acid production. Pharmacological blockade of retinoic acid
signaling was sufficient to inhibit WAT wasting in a mouse cancer cachexia
model. This demonstrates that cancer manipulates the endothelium at
distant sites to mediate WAT wasting by altering angiocrine signals.

Cancer cachexia is a multifactorial wasting syndrome that affects the
majority of individuals with advanced cancer. Loss of muscle and fat mass
isaccompanied by decreased quality of life, poor response to chemo-
therapy and high mortality. Still, no standardized treatment exists'.

Cachexia development progresses in three stages: precachexia,
cachexiaandrefractory cachexia. Although cachexiahas been defined
as >5% weight loss within a 6-month time span, systemic metabolic
alterations, including perturbed glucose and lipid metabolism, can
already be detected in individuals during the precachectic state’. In
particular, white adipose tissue (WAT) remodeling already occurs dur-
ing precachexia, leading to impaired lipid metabolism, macrophage
infiltration, chronic inflammation and eventually fibrosis®.

WAT wasting is driven by combinatorial action of tumor-secreted
and/or host-secreted factors, such as tumor necrosis factor-a (TNF-a),

interleukin-6 (IL-6) or IL-1B, which are transported through the blood-
stream®’. We hypothesized that these circulating factors act first on
the continuous endothelium at distant organs, such as WAT, and that
the endothelium would mediate their effects.

Endothelial cells (ECs) form the inner lining of blood vessels. The
continuous endothelial layer prevents free diffusion of procachectic
proteins into the tissue in most organs. ECs provide a large surface
area and may act as first responders at the blood-tissue interface,
relaying responses and instructive cues to neighboring cells®. Such
angiocrine functions operate in an organ-specific manner and are
essential for development and control of organ metabolism and tumor
progression. Within a solid tumor mass, ECs play essential roles. ECs
are building blocks for new blood vessels that nourish the tumor and
also control tumor progression and metastasis through angiocrine
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Fig.1| Tumorsinduce Notchloveractivationin the adipose tissue
endothelium. a, Timeline of AT-ECisolation from precachectic mice injected
intraperitoneally (i.p.) with KPC pancreatic adenocarcinoma cells. b, Relative
mass of SWAT collected from KPC precachectic mice (n = 6 animals per group).
¢, Top ten IPA-predicted upstream regulators of transcriptomic changes in SWAT
AT-ECs from precachectic versus non-tumor-bearing mice. Plotted are zscores
and -log,, (Pvalues); n=3-4.d, mRNA levels of prototypical Notch target genes
and signaling components in precachectic AT-ECs (n = 6 animals per group).
e, Representative images of ERG (DAB, brown) and Notch1 (AP, red) co-stainings
comparing SWAT from PBS-injected (control) and KPC-injected mice; scale bar,

T

W W

Enriched in precachexia Enriched in cachexia

50 pm. f, Quantification of ERG*Notch1* ECs in SWAT (n = 6 animals per group, ten
images averaged per mouse); AU, arbitrary units. g, Enrichment of an ‘AT-EC Notch1
gene signature’ was analyzed in publicly available datasets from whole VWAT
biopsies from healthy individuals and individuals with precachexia and cachexia
(GSE131835). h, Enrichment plots of the ‘AT-EC Notchl gene signature’ comparing
precachectic and cachectic VWAT to healthy VWAT; NES, normalized enrichment
score; FDR, false discovery rate. Data shown represent mean + s.e.m. Data were
analyzed by unpaired, two-sided ¢-test with Welch correction. Experiments in

b and d were performed twice with consistent results. Results shown are fromone
representative experiment.

factors®. In particular, the large surface area of the endothelium
enables it to amplify tumor-derived signals at distant sites, as shown
for metastatic spreading™'?. Based on this, we addressed the question
of whether tumors located at distant sites induce WAT remodeling by
changing the angiocrine landscape in adipose tissue ECs (AT-ECs),
thereby orchestrating critical aspects of cancer cachexia.

Results

AT-EC Notchlsignaling is overactive in precachexia
Toinvestigate transcriptomic changesin the WAT endothelium during
precachexia, we used the KPC pancreatic adenocarcinoma (PDAC)
cachexiamouse model (Fig.1a). Subcutaneous WAT (sWAT) fat pads
were excised at atime point when no differences in body weight and
WAT mass compared to age-matched non-tumor-bearing mice were

yet observed (Fig. 1b). RNA profiles from isolated AT-ECs at this pre-
cachectic state were compared by microarray analysis. Ingenuity
Pathway Analysis (IPA) predicted Notchlas atop upstream regulator
of transcriptomic changes in KPC AT-ECs (Fig. 1c). Notchl, a master
regulator of angiogenesis and angiocrine signaling®, is frequently
overactivated in tumor ECs and in ECs within the premetastatic
niche™ ™. Quantitative PCR with reverse transcription (RT-qPCR)
confirmed upregulation of prototypical Notchl target genes (Fig. 1d)
and the gene encoding the Notch ligand JAG1 in AT-ECs (Extended
Data. Fig.1a) but notin muscle ECs (Extended DataFig. 1b,c). Elevated
Hey2,Jagl and Notchl expression was also observed in whole sWAT fat
pads during cachexiain C26 colorectal tumor-bearing mice (Extended
DataFig.1d-f), showing that this genetic programis not restricted to
PDAC. Coimmunostainings of the nuclear EC marker ERG and nuclear
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Fig. 2| Beiging and fibrosis drive NICD*** adipose tissue remodeling.

a, Representative images of CD31and DAPI staining of control and NICD'**t¢
SWAT from two individual experiments; scale bar, 200 pm. b,¢, Stainings were
quantified based on vessel area (um? b) and vessel area (um?) per nuclei count
(c); n=8-9 animals per group. d, Representative images of CD31and DAPI
staining of control and KPC sWAT from one individual experiment; scale bar,
200 pm. e,f, Stainings were quantified based on vessel area (um? e) and vessel
area (um?) per nuclei count (f); n = 6 biologically independent animals.

g, h, Representative images from two individual experiments of UCP1 (DAB)
staining of control and NICD**£¢ sSWAT (g) and quantification (h) as a percentage
of total area (n = 8-10 animals per group); scale bar, 50 pm. i, Representative
western blot of UCP1expression from two individual experiments from whole
control and NICD'**C sWAT. j, UCP1 western blot quantification was normalized
to 3-actin (n =7 animals per group). k, mRNA levels of thermogenic and/or
beiging markers in whole sWAT (n = 5-6 animals per group). I, Representative

images from two individual experiments of Masson’s trichrome-stained

VWAT and sWAT; scale bar, 100 pm. m,n, Quantification of collagen areas as a
percentage of total section area excluding the reticular interstitium in vVWAT
(n="7-11animals per group; m) and sWAT (n = 9-11animals per group;

n). o, Representative western blot of TAGLN expression in lysates from whole
control and NICD"*t¢ sWAT. p, Quantifications were normalized to B-actin
(n="7-8animals per group; P=0.00004106). q,r, Representative images

(q) from two individual experiments of TAGLN-stained (DAB) sSWAT and
quantification (r) of TAGLN" area analyzed from whole sSWAT sections; n =7-9
animals per group; scale bar, 50 um. Data shown represent mean +s.e.m.and
were analyzed by unpaired, two-sided ¢-test with Welch correction (b, ¢, e, f, hand
m) or Mann-Whitney test (j, k, n, pand r). Experimentsin a-c, g-jand I-r were
performed twice, and results were pooled from two independent experiments.
Results were consistent between the two experiments.
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Fig.3|Notchlregulates RA metabolism through ALDH1 expression.

a, Overlapping predicted upstream regulators of transcriptomic changesin

KPC (precachectic) and N1ICD-overexpressing AT-EC datasets compared to

their respective controls. b, GO term ‘cellular response to RA’ enrichment plot

of cachectic versus healthy VWAT (GSE131835). ¢,d, Intracellular ATRA levelsin
human vWAT ECs (n = 14 biologically independent experiments; ¢) and SWAT ECs
(n=12biologically independent experiments; d) treated with AAN1ICD or AAGFP
were measured by mass spectrometry. e, VWAT ECs overexpressing AAN1ICD or
AdGFP were analyzed by ChIP-seq using an antibody to H3K27ac. N1CD increased
H3K27ac at the HEY2 locus (left, red box) and at the ALDHIA2locus (right, red
box). RBP-J binding motifs are identified within the regions associated with

increased H3K27ac after N1ICD overexpression at both the HEY2and ALDHIA2
loci. RBP-J binding motifs are highlighted by the gray boxes; Mb, megabases.

f.g, mRNA levels of ALDHI isozymes (n = 3-4 biologically independent
experiments; f) and ALDH1A2 protein levels (g) analyzed by western blotting
inhuman AT-ECs overexpressing AAN1ICD or AGFP; H-vWAT, human vWAT;
H-sWAT, human sWAT. h, Western blots were quantified and normalized to VCP
(n=4biologically independent experiments). i, mRNA expression of Aldh1
isozymes in NICD'°**¢ AT-ECs (n = 3 biologically independent experiments). Data
shownrepresent mean + s.e.m. and were analyzed by Wilcoxon test (cand d) or
unpaired, two-sided t-test with Welch correction (f, hand i).

Notchl in sWAT from KPC mice further validated increased active
Notchlsignaling in AT-ECs (Fig. le,f).

Next, we assessed whether cancer cachexiain humansisalso linked
toincreased endothelial Notchlsignaling (Fig.1g). We therefore estab-
lished aNotchl-induced gene signature by identifying the top 500 upreg-
ulated genes in AT-ECs isolated from human visceral WAT (VWAT), which
expressed constitutively active Notchl-intracellular domain (AdN1ICD)
or green fluorescent protein (GFP; AAGFP) as a control (Extended Data
Fig. 1g). Gene set enrichment analysis (GSEA) showed that the ‘AT-EC
Notchlgenesignature’was highly enriched in agene expression dataset
(Gene Expression Omnibus (GEO) GSE131835) obtained from vWAT sam-
plesfromindividuals with cachexia with oesophago-gastric cancer and
fromindividuals with precachexiaand stable weight compared to VWAT
samples from healthy, cancer-free donors (Fig. 1h and Extended Data
Fig. 1h)”, indicating a potential role for EC Notchl signaling in human
cachectic phenotypes. An‘AT-EC Notchl gene signature’ prepared from
human sWAT ECs was also confirmed to be significantly enriched inKPC

SWAT ECs (Extended Data Fig. 1i,j), thus further validating increased
expression of Notchl signaling targets during precachexia.

As proinflammatory cytokines have been shown to upregulate
Notchligands, in particularJAG1, in ECs'®, we treated human AT-ECs with
well-established cachexokines. Similar to studies in human umbilical
vein ECs”, IL-1B and TNF-a upregulated the expression of the Notch
ligand JAGI and Notch target gene HEY1 (Extended Data Fig. 1k,1). In
addition, when comparing blood sera from KPC tumor-bearing mice
to sera from tumor-free control mice, we observed that circulating
TNF-a proteinlevelsincreased in tumor-bearing mice (Supplementary
Table1). This suggests that proinflammatory cytokines, such as TNF-a,
produced in response to tumor growth and circulating through the
bloodstream may enforce endothelial Notchlsignaling at distant sites.

Sustained AT-EC Notchlsignaling drives WAT remodeling
Next, we examined whether overactivation of AT-EC Notchlsignaling
could alone (that is, without the presence of a tumor) induce adipose
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Fig. 4 |Notchl-inducedIL-33 secretionincreases whole-tissue ALDHLI. a, IPA
comparative analysis of N1ICD-overexpressing AT-ECs and precachectic KPC AT-
ECsidentified IL-33 as a potential upstream regulator of transcriptomic changes.
b, /L33 mRNA levels in N1ICD- compared to GFP-overexpressing human AT-ECs
(n=4-6Dbiologicallyindependent experiments). ¢,d, Western blots (c) of human
AT-ECIL-33 protein levels and quantification (d). Data were normalized to the
expression of VCP (n = 6-8 biologically independent experiments). e,f, Analysis of
Aldefluor activity in myeloid cells, including macrophages (CD45'CD11b*F4/80"),
monocytes (CD45°CD11b'Ly6G Ly6C"), eosinophils (CD45'CD11b*SiglecF*)

and neutrophils (CD45'CD11b*Ly6G"), by flow cytometry in vVWAT (e) and

SWAT (f) of NICD'* ¢ mice (n = 5-6 animals per group). Quantifications were
normalized to each respective cell population. Flow cytometry experimentsin
eandfanalyzing ALDH" macrophages were performed twice with consistent
results. Immunostainings and gatings for other ALDH" myeloid cell populations
were performed once. g, RT-qPCR analysis of Aldhla2 mRNA expressionin
BMDMs treated with recombinant IL-33 for 72 h (n = 6 biologically independent
experiments). h, Summary. WAT endothelial Notchl mediates whole-tissue
ALDH1 expressionand RA production both directly and indirectly (viaIL-33).
Rald, Retinaldehyde. Data shown represent mean + s.e.m. and were analyzed by
unpaired, two-sided t-test with Welch correction.

tissue remodeling as usually seen in cancer cachexia. We used a very
well-characterized Notchl gain-of-function mouse model (NICD'?F£¢)
in which constitutively active N1ICD is expressed under the highly
EC-specific tamoxifen-inducible CdhS (vascular endothelial cadherin)
promoter'™'®"’, Recombination was induced in adult mice. AT-ECs iso-
lated from male NICD"®*“ mice showed moderate overexpression of
classical Notchl targets (Extended Data Fig. 2a,b), which was compa-
rable to AT-ECs from precachectic mice (Fig. 1d) and similar to levels
observed in other vascular beds" ', Although no changes in body mass
were observed (Extended Data Fig. 2c), male NICD™*¢ mice showed
agradual loss of WAT mass (Extended Data Fig. 2d-f) and decreased
adipocyte size (Extended Data Fig. 2g-1).

Cachexiais often accompanied by insulin resistance***, which we
previously observed in NICD¥¢ mice'®. Metabolic profiling revealed
lower leptinlevels, increased basal blood glucose, altered lipoprotein
cholesterol levels and slightly augmented plasmatriacylglycerol (TAG)
and non-esterified fatty acid (NEFA) levels, reflecting inadequate lipid
storage (Extended DataFig.2m-q). Consistently, ectopic fat deposition
was observed in livers following WAT loss (Extended Data Fig. 2r,s).

Notchlsignaling drives remodeling in a sex-specific manner

Cachexiais often more severe in males thanin females, bothin humans
andinanimal models?>**. When comparing the WAT phenotype of male
versus female NICD'°! ¢ mice, we observed that, contrary to males,
WAT mass and adipocyte morphology remained unaltered in female
NICD°F ¢ mice (Extended Data Fig. 3a—€). No changes were observed
in NEFA, TAG and lipoprotein cholesterol levels (Extended Data Fig.
3f-h). Notably, the expression of prototypical Notchl target genes

was similar in both male and female mice (Extended Data Fig. 3i,j),
ruling out the possibility that such differences occurred solely due to
different gene recombination efficiency. In summary, there are sub-
stantial sex-specific differences in tissue wasting in individuals with
cancer and inmouse cancer cachexiamodels?***, and such sex-specific
discrepancies in phenotype could also be observed between male and
female NICD"*° mice. Based on this observation, we used male mice
for subsequentinvestigations to unravel the responsible mechanism.

Beiging, apoptosis and fibrosis drive NICD'°**¢ WAT loss
Notchlregulates angiogenesis and angiocrine signaling during devel-
opment” and prevents vascular malformations during adulthood®.
As changes in WAT vascularization alter adipocyte metabolism’, we
examined microvessel density and morphology of WAT from NICD'OF ¢
mice. We found no differences in vessel density reaching statistical
significance (Fig. 2a,b and Extended Data Fig. 4a-c) whenlooking at ves-
selareaalone. However, when analyzing vessel areanormalized to the
number of DAPI" nuclei, vessel area was reduced in WAT (Fig. 2c). Such
areductionin vesselareacould alsobe observedin KPC tumor-bearing
mice compared to non-tumor controls (Fig. 2d-f), showing again that
male NICD'°®* mice phenocopy many features of WAT wasting as seen
in classical cancer cachexia models.

It is known that the apoptosis rate in cells of WAT increases
throughout cachexia progression®. In line with this, we observed
enrichment of the ‘hallmark apoptosis’ gene set in human cachectic
WAT samples (GSE131835; Extended Data Fig. 4d) and increased apop-
totic and necrotic stromal cells in KPC WAT (Extended Data Fig. 4e).
In NICD® ¢ mice, increased apoptosis of SWAT adipose progenitors
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(CD45 CD31 CD34") and AT-ECs (Extended DataFig. 4f-j) and increased
levels of cleaved caspase-3 in both WAT depots (Extended Data
Fig. 4k-m) contributed to loss of fat. We also observed reduced
enrichment of the ‘hallmark adipogenesis’ gene set in cachectic WAT
inhumans (GSE131835; Extended Data Fig. 4n), which may, in part, be
explained by increased apoptosis, as described in previous reports’.

Tobetter understand the role of endothelial Notchl in WAT wast-
ing, we examined whether other key mediators of cachexia are present
in NICD®* WAT, including increased lipolysis, beiging and fibrosis.
Proteinlevels of lipolytic proteins ATGL and phospho-HSL (Ser 565 and
Ser 660) were unaltered (Extended Data Fig. 40-q). However, expres-
sion of the gene encoding thermogenic regulator uncoupling protein
1 (UCP1) as well as protein levels were upregulated in whole SWAT
(Fig.2g-k) along with Prdm16, suggesting enhanced thermogenesisin
NICD°FE¢ WAT. This is similar to cancer models, which often show WAT
beiging over the course of cachexia™.

WAT fromNICD***® micedisplayed collagenaccumulation (Fig.21-n
and Extended Data Fig. 5a-e), increased expression of extracellular
matrix components (Extended Data Fig. 5f,g) and severe thickening of
the reticular interstitium (Extended Data Fig. 5h,i), an encapsulating
layerrichin collagen and elastin”. Expression of the fibroblast marker
transgelin (TAGLN) was also upregulated (Fig. 20-r). Taken together,
fibrosis is a contributor to WAT wasting in NICD°**¢ mice.

Fibrosis and excessive tissue repair can result from unresolved
inflammation®®”. During cachexia, macrophages infiltrate WAT and
contribute to a chronic inflammatory, hypermetabolic state®. Sus-
tained endothelial Notchl activity in other organs promotes myeloid
cellinfiltration through transcriptional induction of vascular cell adhe-
sionmolecule1(VCAMI)™*. Increased VCAM1 expression was also con-
firmedinhuman AT-ECs (Extended DataFig. 5j-1). Analysis of whole WAT
showed increased gene expression of type 2 inflammatory macrophage
markers mannose receptor (Mrcl) and arginase-1(Argl; Extended Data
Fig. 5m-p), indicating a typical type 2immune response in WAT?,

In summary, sustained AT-EC Notchl activation promotes WAT
beiging, apoptosis, fibrosis and type 2 inflammation, mimicking the
hallmarks of the cachectic phenotype.

Retinoic acid (RA) production is enhanced by EC Notchl
signaling

To investigate the molecular mechanisms through which Notchl
induces WAT wasting, we performed comparative IPA of differen-
tially expressed genes between AT-ECs from precachectic mice and
N1ICD-overexpressing AT-EC datasets and their respective controls.
Tretinoin, better known as all-trans-RA (ATRA), was identified as one
of the top predicted upstream regulators in both datasets (Fig. 3a).
Moreover, aldehyde dehydrogenase-1A2 (ALDH1A2) was the most
enriched leading-edge gene of the ‘AT-EC Notchl gene signature’in

whole cachectic WAT from humans (Extended Data Fig. 1h). ALDH1A2 is
akey enzymeinvolved in the synthesis of the vitamin A metabolite RA,
apotent transcriptional regulator that binds to nuclear RA receptors
(RARs)*. In agreement with this, GSEA of the previously mentioned
database (GSE131835) revealed that the Gene Ontology (GO) term
‘cellular response to RA’ was enriched in whole WAT samples from
individuals with precachexia and cachexiacompared to WAT samples
from healthy donors (Fig. 3b and Extended Data Fig. 6a). Interest-
ingly, subgroup analysis revealed that samples from maleindividuals
with cachexia were more significantly enriched than samples from
females compared to healthy controls (Extended Data Fig. 6b,c). This
is consistent with studies showing that regulation of RA production
is sex specific* and our data showing that WAT wasting occurs solely
in male NICD™* ¢ mice.

To determine the contribution of AT-ECs to RA metabolism, we
performed GSEA on RNA-sequencing (RNA-seq) data obtained from
AT-ECs expressing active Notchl. When analyzing the same GO term
‘cellular response to RA’, we found that it was significantly enriched
in Notchl-induced AT-ECs (Extended Data Fig. 6d). In human AT-ECs,
overactivation of Notchl led not only to a transcriptional increase of
genes involved in vitamin A conversion but also to increased levels of
ATRA (Fig.3c,d).

To evaluate whether ALDHIAZ2 is a direct Notchl transcriptional
target, we overexpressed N1ICD in AT-ECs and performed chromatin
immunoprecipitation with sequencing (ChIP-seq) for H3K27ac, a
histone mark typically found at enhancers and promoters of active
genes. We observedincreased H3K27ac at the Notch target gene HEY2
and at ALDH1A2 after N1ICD overexpression (Fig. 3e). Several RBP-J
binding motifs were detected within the genomic region character-
ized by increased H3K27ac after N1ICD overexpression. This was con-
firmed by increased ALDH1IA2 mRNA and protein levels (Fig. 3f~h) and
altered transcription of RAR target genes and genes that are involved
in RA synthesis (Extended Data Fig. 6e). Moreover, higher levels of
Aldhla3, another isoform of the RA-producing ALDH1 family, were
foundin mouse AT-ECs (Fig. 3i), indicating species-specific differences
inNotchl-regulated ALDH1isoforms.

Analysis of ALDH1 expression in whole WAT from NICD'°® ¢ mice
revealed that in VWAT, no significant increase was detectable at the
whole-tissue level (Extended Data Fig. 6f); however, levels of both
Aldhla2and Aldhla3isozymes were increased in SWAT (Extended Data
Fig. 6g), suggesting that RA signaling is active not only in ECs but also
inother WAT cell types.

WAT loss is stimulated by RA- and IL-33-dependent
mechanisms

Upstreamregulator analysis predicted the alarmin IL-33 as a potential
upstream regulator in both AT-ECs with overactive Notchl signaling

Fig.5|RA-regulated IGFBP3 production induces WAT apoptosis. a, RT-qPCR
analysis of IGFBP3 mRNA levels in AAN1ICD-overexpressing human AT-ECs
compared to AdGFP controls (n =5 (vWAT ECs) or 9 (VWAT ECs) biologically
independent experiments). b,c, Representative westernblot (b) and
quantification (c) of IGFBP3 protein levels normalized to VCP (n = 8 (VWAT ECs)
or 12 (SWAT ECs) biologically independent experiments). d, /[gfbp3 mRNA levels
in NICD"* AT-ECs isolated from male mice at 2 weeks after tamoxifen treatment
(n=6animals per group). e,f, RT-qPCR (e) and western blotting (f) of IGFBP3
inhuman AT-ECs treated with 0 nM (DMSO only), 10 nM, 100 nM or 1 pM ATRA.
The western blotimage is representative of three individual experiments; n=3
biologically independent experiments. g, IGFBP3 protein levels were quantified
relative to VCP (n = 3 biologically independent experiments). h, RT-qPCR
analysis of IGFBP3 expression in human vWAT and sWAT ECs after treatment with
1,2.50r5 pMRAR antagonist BMS195614 or DMSO (n = 3 biologically independent
experiments). i,j, RT-qPCR analysis of /gfbp3levels inisolated NICD 55 yWAT
and sWAT adipocytes (n = 3-5 animals per group; i) as well as whole sWAT (j) at 4
and 7 weeks after recombination (n = 3 (week 4) or 4 (week 7) animals per group).

k, IGFBP3 (DAB) immunohistochemical stainings of SWAT from NICD°* mice

at 7 weeks after recombination; scale bar, 100 pm. Images are representative of
two individual experiments. I, IGFBP3" nuclei were quantified as a percentage of
total nuclei (n = 7-9 animals per group pooled from two independent cohorts).
m,n, Western blot (m) and quantification (n) of cleaved caspase-3 levels of SVF-
differentiated adipocytes treated with recombinant IGFBP3 (100 ng ml™) for 72 h.
Data were normalized to VCP (n = 3 biologically independent experiments).

0, Apoptosis (PS) and necrosis (7-AAD) were assessed using the Apoptosis/
Necrosis Assay kit from Abcam (n = 4 biologically independent experiments;
shown are biological replicates representing the averages of five technical
replicates). Datashown represent mean + s.e.m. and were analyzed by unpaired,
two-sided ¢-test with Welch correction (a, ¢, d, i andj), two-way analysis of
variance (ANOVA) with Dunnett’s test (e, g and h), Mann-Whitney test (Iand n) or
Sidak’s multiple comparisons test (0). The experiment in d was performed twice
with consistent results. Shown is one representative experiment. Experiments
inkandlwere performed in two independent cohorts, and results were pooled.
Results were consistent between the two experiments.
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and KPC AT-ECs (Fig. 4a). IL-33 is a bona fide endothelial Notchl1 tar-
get in human umbilical vein ECs**, which we could confirm in AT-ECs
(Fig.4b-d).IL-33 regulates adipose tissue beiging through regulation

of type 2immune responses®. Both processes occur in NICD*** mice
(seeearlier) and cancer cachexiamodels™. Interestingly, IL-33 has also
beenshowntoinduce ALDH1A2 expression in pancreatic myeloid cells®.
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Fig. 6 | Notchl-driven changes in vitamin A metabolism occur during
precachexia. a, RT-qPCR analysis of AldhI mRNA levels in AT-ECs from KPC
mice (n =5-6 animals per group). b, AT-EC Aldefluor activity in KPC mice versus
innon-tumor-bearing control mice (n = 5-6 animals per group). ¢, RT-qPCR
analysis of Igfbp3 mRNA levels in AT-ECs (n = 5-6 animals per group). d, RT-qPCR
analysis of /[33mRNA levels in AT-ECs (CD31'CD45°) from KPC and control

mice (n =6 animals per group). e, Aldhla2 mRNA expression in macrophages
(CD45*CD11b*F4/80") from KPC mice (n = 6 animals per group). f, Flow
cytometry histogram plot of Aldefluor activity in control and KPC macrophages.
g, Analysis of ALDH activity in myeloid cells, including macrophages

(CD45'CD11b*F4/80"), monocytes (CD45*CD11b*Ly6C*), eosinophils
(CD45'CD11b"SiglecF*) and neutrophils (CD45°CD11b‘Ly6G"), measured by
flow cytometry in sSWAT from KPC and control mice (n = 5-6 animals per group).
h,i, CD45" immune cells (h) and myeloid cell populations (i) quantified asa
percentage of total living cells (DAPI") in KPC and control sSWAT (n = 5-6 animals
per group). Data shown represent mean + s.e.m. and were analyzed by Mann-
Whitney test (a) or unpaired, two-sided ¢-test with Welch correction (b-e and
g-i). Experimentsin a, cand d were performed twice with consistent results.
Shown are data from one representative experiment.

To investigate the potential contribution of IL-33 to RA produc-
tion, ALDH activity was analyzed in myeloid cells from NICD'°** mice
(Extended Data Fig. 6h). Only macrophages (CD45'CD11b*F4/80")
showed increased ALDH activity (Fig. 4e,f), and recombinant IL-33
directly increased Aldhla2 expression in bone marrow-derived mac-
rophages (BMDMs; Fig. 4g). Treatment with recombinantIL-33 induced
ALDHIA2 mRNA expression in human WAT organoids differentiated
from stromal vascular fraction (SVF) cells and increased ALDH activ-
ity in CD45" immune cells (Extended Data Fig. 6i-1), thus confirming
that this mechanism is not restricted to mouse cells. Mature adipo-
cytes from NICD® ¢ mice also exhibited increased Aldhla2 expres-
sion (Extended Data Fig. 6m,n). Thisled to anincrease in whole-tissue
expression of RAR target genes (Extended Data Fig. 60), suggesting
that enhanced ALDH1 is not limited to ECs. Taken together, endothe-
lial Notchl induces ALDH1-mediated RA synthesis in the endothe-
lium and further potentiates whole-tissue RA production through
angiocrine-mediated IL-33 signaling by acting on macrophages and
adipocytes (Fig. 4h).

RAregulates proapoptotic IGFBP3in AT-ECs

Next, we asked how enhanced RA production could be causative for
WAT wasting. Both RA and IL-33 can act in a paracrine manner and are
regulators of thermogenesis®***. Ucpl is adirect RAR transcriptional
target®®, whileIL-33 induces a type 2immune response, which promotes
thermogenesis and is required for cold-induced WAT beiging in adult
mice”. We could confirm that ATRA stimulates Ucpl expression in a
dose-dependent manner without any effect on other beiging markers

(Extended Data Fig. 7a,b). Furthermore, ATRA and recombinant IL-33
both invoked gene expression of Argl in BMDMs (Extended Data
Fig.7c,d), whichis similar to previous reports®**°,

Cachectic WAT lossis also mediated through adipocyte apoptosis
andimpaired adipogenesis’. IGFBP3is aRARa target gene* thatinhibits
adipogenesis and induces apoptosis in several cell types**. We observed
IGFBP3 upregulation in human and mouse AT-ECs after Notchl over-
activation (Fig. 5a-d). Dose-dependent increases in IGFBP3 were also
detectedinhuman AT-ECs treated with ATRA (Fig. 5e-g), whereas inhibi-
tion of RAR-mediated transcription using BMS195614, a RARa antago-
nist, inhibited both classical RAR target genes and /GFBP3 expression
(Fig. Shand Extended Data Fig. 8a,b). Consistent with the observation
that EC Notchlinduces Aldhla2 expressioninadjacent celltypes (Fig. 4
and Extended Data Fig. 6f-0), adipocytes and whole SWAT of NICD™OF ¢
mice also demonstrated increased Igfbp3 expression (Fig. 5i-1).

To test the effect on WAT adipogenesis and apoptosis, SVFs from
wild-type mice were differentiated into adipocytes and treated with
recombinant IGFBP3. IGFBP3 is known to inhibit the expression of
adipogenic markers during adipocyte differentiation of 3T3-L1 cells*.
Notably, IGFBP3 also induced cleavage of caspase-3 and apoptosis
(Fig. 5m-0). Taken together, the data reveal that endothelial Notchl
drives RA-induced expression of the thermogenic protein UCP1,
atype2immune response and apoptosis in WAT.

RA metabolism s overactive during precachexia
As many data were obtained in Notchl gain-of-function models, we
aimed atinvestigating whether changes in ALDH1, IL-33 and IGFBP3
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Fig.7|Pharmacological targeting of DLL4 does not inhibit cachexia from all groups; scale bar, 50 pm (n = 6 animals per group, five images per
progression. a, RT-qPCR analysis of AT-EC Notchl target genes from Rbpj*E and mouse). g, Analysis scheme of DLL4-neutralizing antibody treatment in KPC

control mice (n = 5-6 animals per group). b, Analysis scheme of Rbpj** mice.
Mice were given tamoxifen 3 weeks before injection of KPC tumor cells or PBS
asacontrol. Samples were analyzed on day 13 after KPCinjection. ¢, KPC tumor
mass in Rbpj*t° mice compared to in control mice (n = 6 animals per group).d,
Relative SWAT mass normalized to total mass in PBS- and KPC-treated mice (n=6
animals per group). e,f, Average adipocyte size (e) quantified from hematoxylin
and eosin (H&E) staining (f) of Rbpj*t° SWAT. Shown are representative images

mice (n =5-6animals per group). h, KPC tumor mass in wild-type C57BL/6) mice
treated with controlIgG or anti-DLL4 (n = 6 animals per group). i, Relative SWAT
mass normalized to total mass (n = 5-6 animals per group). j, Representative
images of VWAT, sWAT and liver from non-tumor-bearing control mice injected
withIgG or anti-DLL4. Data shown represent mean + s.e.m. and were analyzed by
unpaired, two-sided ¢t-test with Welch correction (a, c and h) or one-way ANOVA
with Tukey’s test (d, e and i).

expression are present in WAT of mice bearing KPC tumors during
precachexia. Indeed, Aldhia3 expression and ALDH enzyme activ-
ity were elevated in AT-ECs of tumor-bearing mice compared to in
tumor-free wild-type mice (Fig. 6a,b and Extended Data Fig. 9a).
Thiswasaccompanied by increased expression of the RA target gene
Igfbp3 (Fig. 6¢). Additionally, a stark increase in /gfbp3 mRNA could

be observed in whole sWAT from C26 cachectic mice (Extended Data
Fig.9b).

Mouse AT-ECs express low IL-33 levels in a basal state**; however,
in the context of inflammation and disease, ECs strongly increase
their IL-33 production**. Again, we detected increased /{33 expres-
sion in AT-ECs of tumor-bearing wild-type mice (Fig. 6d). This was
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Fig. 8 | Pharmacological blockade of RA signaling inhibits WAT remodeling

in cachexia. a, Experimental setup of treatments given to KPC or non-tumor-
bearing control mice. Mice were given BMS493 (RAR antagonist) or a solvent
control orally every second day following KPC or PBS injection. b, Tumor mass of
KPC mice given either oil or BMS493 (n = 5-6 animals per group). ¢, Percentage

of SWAT mass normalized to total body mass (n = 5-6 animals per group).

d, Adipocyte size quantified from sWAT H&E stainings (n = 5-6 animals per group,
fiveimages per mouse). e, Representative images of H&E-stained sWAT from

A\

Thermogenesis |,

one experiment; scale bar, 50 pm. f, UCP1 (DAB) immunohistological stainings
were quantified as a percentage of total coverage area (n = 5-6 biologically
independent animals). g, RT-qPCR analysis of thermogenic and/or beiging
markers in whole SWAT tissue (n = 5-6 animals per group). h, Summary. Tumor-
induced WAT endothelial Notch1signaling mediates various hallmarks of adipose
tissue wasting; M®, macrophage. Data shown represent mean +s.e.m.and were
analyzed by unpaired, two-sided ¢-test with Welch correction (b), one-way ANOVA
with Tukey’s test (c, d and f) or Mann-Whitney test (g).

associated with increased Aldhla2 expression at the whole-tissue
level and in macrophages along with type 2 inflammatory markers
(Fig. 6e and Extended Data Fig. 9¢,d). Aldhla2 expression was found
to be comparable in stromal cells and macrophages, confirming that,
despite the high expression of ALDH1 by stromal cells, macrophages
are also major contributors to whole WAT RA production (Extended
Data Fig. 9e). Higher ALDH activity in macrophages and neutrophils
was also observed as well as increased numbers of macrophages and

monocytes in WAT (Fig. 6f-i and Extended Data Fig. 9f). As such, the
molecular mechanisms occurring over the course of WAT wasting in
NICD®5¢ mice, as described above, could also be detected in WAT in
aclassical cancer cachexia mouse model.

Pharmacological inhibition of RA blocks WAT wasting
Last, we aimed at blocking angiocrine signaling to inhibit WAT wasting.
First, we used the CdhS-cre™; Rbpj*** (Rbpj***“) Notch loss-of-function
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mouse model to delete the Rbpjgene encoding the Notch nuclear trans-
ducer RBP-Jk in ECs of adult mice'®*. In AT-ECs, expression of proto-
typical Notch target genes and Aldhla3, 1133 and Igfbp3 were reduced
(Fig. 7a), reaffirming that the genes identified are Notchl targets. As
expected®, growth of a solid tumor mass (KPC) was reduced in Rbpj*t
mice (Fig. 7b,c), thus precluding meaningful conclusions about WAT
wasting. Nevertheless, tumor-induced reductions in adipocyte size
were prevented in Rbpj“t mice (Fig. 7d-f).

Next, we verified whether neutralization of the Notchl1 ligand
DLL4 could serve as a therapeutic treatment. Treatment with
DLL4-neutralizing antibodies (Fig. 7g) had little effect on primary
tumor growth at this rather early time point (Fig. 7h) but reduced WAT
mass andinduced abrown-like appearance (Fig. 7i,j), likely from Notch
activity inhibition directly in adipocytes, as previously described*. In
addition, treatment with anti-DLL4 caused vascular malformationsin
theliver (Fig. 7j), as expected®’.

Because targeting of Notch led to severe side effects, we aimed
at specifically targeting RA downstream of Notch to prevent WAT
loss in the mouse KPC cachexia model (Fig. 8a). Tumor-bearing mice
were treated with the pan-RAR oral antagonist BMS493 or solvent con-
trol. BMS493-treated mice showed no difference in tumor mass com-
pared to controls (Fig. 8b); however, BMS493 prevented WAT loss and
changesinadipocytesize (Fig. 8c-e). Thiswas associated with reduced
expression of UCP1(Fig. 8f,g and Extended Data Fig.10a). As such, this
well-tolerated treatmentinhibited WAT wasting in a pancreatic cancer
cachexia model without affecting growth of the primary tumor mass.

Insummary, the datasuggest that tumor-induced Notch signaling
activation in AT-ECs leads to excessive RA production in WAT, which
mediates all hallmarks of WAT wasting in anangiocrine manner (Fig. 8h).

Discussion

Tumor-secreted factors change gene transcription in the endothelium
inorgansat distant sites to favor a prometastatic microenvironment'%,
Similarly, this study shows that WAT endothelial gene transcription
already becomes modified during precachexiaand that this subsequently
augments tumor-induced WAT loss. As such, one can assume that the
endothelium amplifies cancer-secreted factors, putting angiocrine sign-
alingintoacentral position orchestrating both metastasis and cachexia.

This work identified Notchl signaling as a major regulator of
cancer-induced WAT remodeling. Future studies will have to dissect
the exact mechanism of how tumors overactivate Notch signaling in
ECs at distant sites, particularly in humans. Here, we show that the
prototypical cachexokines®” TNF-a and IL-1B can induce expression
of the Notch ligand JAGL. Others have previously shown that these
proinflammatory cytokines induce JAG1 expression in ECs of other
tissues'®. Additionally, tumor-released exosomes may also transfer
DLL4 to activate Notch receptors on ECs at distant sites***’, so there
are several possibilities of how tumors change the endothelial tran-
scriptome across large distances in the body. Notably, a moderate
but sustained increase in EC Notch activity was (even in the absence
ofatumor) already sufficient toinduce WAT wasting characterized by
increased apoptosis, impaired preadipocyte differentiation, increased
myeloid cellinfiltration and inflammation, increased UCP1expression
with beiging, impaired lipid storage and eventually fibrosis. These
are the hallmarks of WAT remodeling in cancer cachexia, which cause
severely impaired organ function'>*¢3%0,

It is well known that although females are less susceptible to
cachexiadevelopmentthan males, the underlying mechanisms remain
speculative®. Interestingly, female NICD°* mice did not develop signs
of WAT remodeling in the time course of our study. This observation
aligns with previously known sex-specific differences in adipose tissue
ALDH1 expression®*' and fits perfectly with the sex-specific enrich-
ment of the GO term ‘cellular response to RA signaling’ observed in
adipose tissue fromindividuals with cachexia. It will be of outstanding
interest to unravel the responsible mechanism n future studies.

Mechanistically, sustained endothelial Notchlsignaling increased
RA andIL-33 synthesisin ECs. However, ECs were not the only cell type
producing RA in WAT in humans and in mouse cancer models and
NICD°!t¢ mice. The angiocrine factor IL-33, a well-known target of
Notchsignalingin ECs*, induces excessive RA productionin neighbor-
ing adipocytes and macrophages. This activates a macrophage phe-
notype that helps sustain catecholamine-induced WAT loss*°. RA also
increased the expression of antiadipogenic and proapoptotic IGFBP3,
thus impacting lipid storage and adipocyte turnover*. This appears
to be a highly conserved mechanism as ImpL2, an IGFBP homolog in
Drosophila, also mediates systemic wasting*?.

This study suggests that Notch and RA signaling play amajor role
inmediating WAT remodeling in cancer cachexia. Fromatranslational
point of view, blocking these pathways would be highly desirable.
However, in line with previous reports*, Notch inhibition had severe
side effects, questioning the use of Notch-inhibiting drugs in humans
atleast when given over long time periods®*. Targeting RA signaling
downstream of Notch using an oral pan-RAR antagonist inhibited
WAT wasting in a pancreatic cancer cachexia model without induc-
ing Notch-dependent side effects. As RA signaling is crucial for many
biological functions, further researchis needed to determine whether
long-termintake of such drugs would be tolerable.

Taken together, this study showed that the large surface of the
adiposetissue endotheliumis capable of mediating WAT wastinginan
angiocrine manner, where Notchl and downstream RA signaling play
crucial roles and RA signaling might serve as a targetable pathway to
inhibit the course of tissue wasting.

Methods
Animal experiments
All animal procedures were performed in accordance with institu-
tional and national regulations and were approved by local committees
for animal experimentation (RP Karlsruhe, German Cancer Research
Center (DKFZ), Heidelberg University and RP Upper Bavaria). Animals
were housed under specific pathogen-free barrier conditions and
were fed a standard mouse chow ad libitum (3437, Granovit). Animals
were housed at 22 + 2 °C with 60% humidity and a 12-h light/12-h dark
rhythm. Tumor experiments using wild-type mice were performed
using 10- to 14-week-old male BALB/c mice obtained from Charles River
Laboratories. Rbpj™“t mice (C57BL/6N), NICD° ¥ mice (C57BL/6J) and
wild-type C57BL/6) mice were bred in-house at the DKFZ under specific
pathogen-free conditions. Animals included in tumor experiments
were extensively assessed daily based on score sheets with criteria
including body condition scoring and physical examination to prevent
animal burden. Maximal burden was not exceeded with any animal.
Sex was considered in all aspects of the study. NICD!E¢ experi-
ments were initially performed in both sexes to analyze phenotype. A
phenotype was only seen in male mice. Based on this, only male mice
were used for the C26 and KPC models, as the purpose was to analyze
downstream components of the Notch pathway that contribute to
WAT remodeling.

NICDI°tE¢ mice. Tamoxifen-inducible, EC-specific Notchl activation
was induced in flox-Notch1-ICD mice (Jackson Laboratory) crossed
with CdhS(PAC)cref®™ mice'®" (C57BL/6) background). Tamoxifen
dissolvedin olive oilwas administered eitheri.p. (1.5 mg for 5 consecu-
tive days) or dissolved in peanut oil and administered orally (2 mg for
3 consecutive days) at 8-12 weeks of age. Control mice that did not
express Cre®™"? were also treated with tamoxifen. We have previously
reported extensive phenotyping of NICD'°®* mice treated under the
same conditions*.

Rbpj*E mice. Tamoxifen-inducible, EC-specific Rbpj deletion
was induced in Rbpj"*”*** mice (Jackson Laboratory) crossed with
CdhS(PAC)cre™ ™ mice'* (C57BL/6N background). Tamoxifen dissolved
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in peanut oil was administered orally (2 mg for 3 consecutive days) at
9-13 weeks of age. Control mice that did not express Cre®®™ were also
treated with tamoxifen. Rbpj*® mice were injected with PBS or KPC
cells at 3 weeks following oral administration of tamoxifen.

KPC model. Mice were injected with cells from the pancreatic ductal
adenocarcinoma cell line derived from KPC mice (Kras®?°; Trp53%72H;
Elas-cre®™)>, KPC cells (10°) in 100 pl PBS were injected i.p. into 9- to
14-week-old C57BL/6) or Rbpj*“t“ mice and compared to PBS-injected,
age-matched littermate controls. Tumor growth and animal well-being
were closely inspected daily according to score sheets monitoring vari-
ablessuch asbody weight, behavior and tumor growth (by palpations).
To analyze gene expression during precachexia (<10% change in body
mass), mice were analyzed at 11 d after tumor injection.

RAR antagonist treatment (KPC model). BMS493 (5 mg per kg (body
weight) dissolved in peanut oil; Sigma-Aldrich) or peanut oil was admin-
istered to wild-type C57BL/6) mice every second day (1, 3, 5,7, 9 and
11 d) following KPC or PBS i.p. injection (day 0). Mice were analyzed
at 12 d after KPC or PBS injection at a precachectic time point (<10%
change in body mass).

Anti-DLL4 treatment (KPC model). DLL4-neutralizing antibodies
from Genentech (10 mg per kg (body weight) in PBS) or control IgG
(JIM-009-000-003, Biozol Diagnostica; 10 mg per kg (body weight)
in PBS) were administered i.p. to C57BL/6) mice 2 and 9 d after KPC or
PBSi.p.injection (day 0). Mice were analyzed at 13 d after KPC or PBS
injection at a precachectic time point (<10% change in body mass).

C26 cachexia model. C26 cells (10°) were injected subcutaneously
into BALB/c mice. Non-tumor-bearing control mice were injected with
50 pl of Dulbecco’s PBS. Mice were analyzed 16-21 d after tumor cell
injection ata cachectic time point (>10% loss in body mass).

Plasma collection and measurement of metabolites and
proteins

Blood was collected following anesthetization (100 mg per kg (body
weight) ketamine and 14 mg per kg (body weight) xylazine) and by car-
diac puncture before cervical dislocation. Plasmaleptin was quantified
using the Proteome Profiler Adipokine Array kit (R&D Systems). TAG
and glycerol (Sigma), NEFAs (Wako Chemicals) and very low-density
lipoprotein/low-density lipoprotein and high-density lipoprotein
levels (Sigma) were measured using kits according to manufacturer’s
instructions. Blood was collected from the tail vein at approximately
0800-0900 hwithout fasting. Basal blood glucose levels were meas-
ured using the Free-Style Lite blood sugar measuring system.

scioCyto cytokine array of serum

Blood was taken from the vena facialis 11 d after tumor injection and
collected in a microvette LH (Sarstedt, 201.345) to receive serum.
The company Sciomics was running the scioCyto Cytokine Array to
comparerelative protein levels in serum from tumor-bearing mice to
those from control mice. Acquired raw data were analyzed using the
linear models for microarray data (LIMMA) package of R/Bioconduc-
tor after uploading the median signal intensities. For normalization,
aspecializedinvariant Lowess method was applied. For analysis of the
samples, aone-factorial linear model was fitted with LIMMA, resulting
in a two-sided t-test or F-test based on moderated statistics. All pre-
sented P values were adjusted for multiple testing by controling the
false discovery rate according to Benjamini and Hochberg.

Celllines

HEK293A cells were obtained as part of the ViraPower Adenoviral
Expression System (Thermo Fisher) and used for adenovirus produc-
tion. The KPC cell line was agift from S. Konieczny (Purdue University).

The Drosophila melanogaster Schneider cell line was a gift from R.
Renkawitz and M. Bartkuhn (University of Giessen).

AT-ECisolation for cell culture

ECs were isolated from human visceral abdominal and subcutaneous
abdominal adipose tissue biopsies and collected from individuals
undergoing bariatric surgery at the University Hospital Heidelberg.
Collection was approved by the Institutional Review Board of the Medi-
cal Faculty of the University of Heidelberg in accordance with the
Declaration of Helsinki. All individuals gave preoperative consent.
Adipose tissue depots were minced and digested in 2 mg ml™ colla-
genase Il (Thermo Fisher Scientific) and 2 mg ml™ dispase Il (Pan Bio-
tech) inDulbecco’s PBS. Homogenates were filtered through a100-pum
cell strainer and diluted 1:1 with PBS. SVF pellets centrifuged at 300g
for 5 min were suspended in 3 ml of PBS +10% fetal calf serum (FCS).
Twenty microliters of CD31-Dynabeads (Thermo Fisher Scientific) per
depot was washed three times in 5 ml of PBS + 10% FCS and diluted in
500 plof PBS containing 10% FCS per depot. Five hundred microliters
of bead suspension was added to cells and suspended in 15-ml tubes.
Tubes were incubated on a rotator at room temperature for 45 min.
Cellswere placed on amagnetic rack and washed three times with PBS
containing 10% FCS. Cells were suspended in EGM-2 medium (Lonza)
and seeded into flasks or six-well plates precoated with 0.5% gelatin.
Cells were cultured for up to five passages using trypsin-EDTA (0.05%;
Thermo Fisher Scientific).

AT-ECs were treated with adenoviral supernatants at optimized
titers for 24 h and washed twice with PBS, and medium was replaced
with fresh EGM-2 medium (Lonza). Cells were collected for protein
or RNA lysates after 24 h in fresh medium. AT-ECs treated with ATRA
(1-1,000 nM; Cayman Chemical) or RAR antagonist BMS195614
(1-5 uM; Tocris Bioscience) were incubated for 48 h before RNA or
proteinisolation.

Mouse SVF isolation and differentiation

Adipose tissue samples from wildtype C57BL/6) mice were digested
and centrifuged as described above. SVFs were resuspended in ACK
lysis buffer (Thermo Fisher Scientific) for 1 min before dilution with
10 ml of PBS. Cells were centrifuged at 300g for 5 min and suspended
in high-glucose DMEM containing GlutaMAX (Thermo Fisher Scien-
tific) + 10% FCS and seeded in six-well plates. To induce adipocyte
differentiation, medium was changed to high-glucose DMEM con-
taining GlutaMAX with 20% FCS, 1% penicillin/streptomycin (P/S),
0.5 mM 3-isobutyl-1-methylxanthin (Cayman Chemical), 5 ug ml™insu-
lin (Sigma-Aldrich), 4 pMrosiglitazone (Cayman Chemical) and 10 mM
dexamethasone (Cayman Chemical) for 4 d. Medium was exchanged
for 2 d to high-glucose DMEM containing GlutaMAX supplemented
with 20% FCS, 1% P/S and 5 pg ml insulin, followed by another3d in
fresh medium. Medium was replaced with basal high-glucose DMEM
containing GlutaMAX with 1% P/S for experimentation. SVFs were
treated before or after differentiation with recombinant mouse IGFBP3
(Merck,100 ng ml™) for 72 hin basal DMEM or in ATRA (Cayman Chemi-
cal,10 nM, 100 nM or 1 uM in DMSO) for 24 hin basal DMEM.

BMDM isolation and differentiation

BMDMs were isolated from C57BL/6) mice. Femurs and tibiae were
flushed with DMEM. Cells were collected, centrifuged and resuspended
in DMEM (Thermo Fisher) with 10% FCS. Cells were seeded on 10-cm
dishes (Corning). Macrophages were differentiated with 10 ng ml™
macrophage colony-stimulating factor (Peprotech). After 7 d, cellswere
serum starved overnight and treated with recombinant mouse IL-33
(250 ng ml™; Peprotech) or ATRA (1 uM; Cayman Chemical) for 72 h.

Human adipose tissue organoid culture
SVF pellets were isolated from human adipose tissue biopsies as
described above. SVFs were seeded at 25,000 cells per well in100 pl of
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EGM-2 mediuminto Nunclon Sphera96-well U-shaped plates (Thermo
Fisher) and wereincubated for 1week before adipocyte differentiation
(as described above). Immunofluorescence stainings were performed
to verify adipocyte expansion and EC maintenance. Recombinant IL-33
(10 ng mI™) was added to organoids for 6 d before RT-qPCR or flow
cytometry analysis. Organoids were digested with collagenase Il/dispase
Ilin PBS for1 hbefore RNA isolation or flow cytometry antibody staining.

Western blotting

Cellsandtissuesinlysis buffer (Cell Signaling) containing1 mM phenyl-
methylsulfonylfluoride were boiled at 95 °C for 5 minin Laemmelibuffer
and separated according to molecular weight using SDS-PAGE (Bio-Rad).
Blotting was performedin ablotting chamber (Peqlab Biotechnology),
and proteins were transferred onto nitrocellulose paper. Membranes
wereblocked in 5% skim milkin TBS and 0.1% Tween 20 (TBST). Primary
antibodies diluted in 3% bovine serum albumin (BSA) in TBST were
added to membranes overnight. Antibodies and their dilutions are listed
in the Reporting Summary. Secondary antibodies in 5% milk in TBST
were added for 1 h before detection with ECL solution (Thermo Fisher
Scientific) or for 1 min in AceGlow (VWR). Membranes were imaged by
chemiluminescence using a ChemiDoc Imager (Bio-Rad). Bands were
quantified using ImageLab software (Bio-Rad). Quantifications were
normalized to the expression of VCP or 3-actin (housekeeping proteins).

Mass spectrometry sample preparation

Human AT-ECs were treated with GFP or N1ICD adenoviral vectors at
optimized titers in EGM-2. After 24 h, supernatants were exchanged
for fresh EGM-2 containing 10 pM all-trans-retinol (Sigma). Cells
were collected after 16 h by scraping in 1 ml of methanol-HCI (0.25%
(vol/vol)) and centrifuging (5,000g, 5 min). Pellets were frozenat -20 °C
until measurement. ATRA concentrations were measured by mass
spectrometry, as we have recently described*.

ChIP-seq

D. melanogaster Schneider cells were grown in Schneider’s Drosophila
medium (Gibco, 21720024) supplemented with 10% fetal bovine serum
(Gibco, 10270-106), P/S (Gibco) and glutamine (Gibco, 25030-024).
ChIP experiments were performed essentially as previously described™.
Chromatin from D. melanogaster cells was used for spike-in purposes.
Human chromatinwasincubated with anti-H3K27ac (ataratio of 2.5 ug
ofantibody to100 pg of chromatin; Diagenode, pAb-174-050) in com-
bination with anti-His2Av (at a ratio of 1 ug of antibody to 100 pg of
chromatin; Active Motif, 61686) to immunoprecipitate the Drosophila
chromatin. Libraries were prepared using a Diagenode MicroPlex
Library Preparation kit v2 (Diagenode, C05010001) following the
manufacturer’s instructions with few modifications. Libraries were
purified with Agencourt AMPure XP Beads (Beckman Coulter, A63881),
quantified, analyzed on a Tapestation device (Agilent) and pooled.
Sequencing was performed at Novogene.

RawFASTQfiles were quality and adaptor trimmed using trimGa-
lore v.0.6.5 (https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/). Trimmed files were aligned against the human refer-
ence genome (hgl9) using Hisat2 v.2.2.1 (ref. 56) and stored as binary
alignment maps (BAM). Quality of the alignment was inspected and
validated withinRv.4.0.2 (http://www.r-project.org/index.html) using
systemPipeR’s alignStats function®’. PCR duplicates were removed
using Picard tools (http://broadinstitute.github.io/picard/). Coverage
tracks based on the processed BAM files were generated using Deep-
tools bamCoverage and stored as BigWig files (reads per kilobase per
million (RPKM) normalized). Binding profiles were visualized within
R using the R/Bioconductor®® package GVIZ*.

RNA isolation from whole WAT and adipocytes
Flash-frozen WAT was lysed in 500 pl of Trizol reagent (Thermo
Fisher Scientific). Tissues were homogenized using a Mixer Mill 301

homogenizer (Retsch) at afrequency of 1/30 s for 1 min, followed by a
brief centrifugation. Adipocytes wereisolated following mincing and
digestion of adipose tissue for -1 hat 37 °C (2 mg ml™ collagenase and
2 mg mldispasell). Homogenates were strained through a100-pm cell
strainer and centrifuged (200g, 5 min). Floating fractions containing
adipocytes were collected with a cut 1,000-ul pipette tip. Adipocytes
were transferred to a 5-ml tube. PBS was added, and cells were cen-
trifuged (200g, 5 min). PBS was carefully discarded using a Pasteur
pipette, and washing was repeated twice. Adipocytes were collected
inPBS and transferred to a2-ml tube for centrifugation (200g, 5 min).
RNAwasisolated using a Trizol Plus RNA Purification kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

RNA isolation from WAT ECs of KPC mice (for microarray only)
Sheep anti-ratIgG Dynabeads (Thermo Fisher Scientific) were washed
(30 plwith 5 mlof PBS + 0.1% BSA) three times on amagnetic rack. Beads
were suspended (5 ml of PBS + 0.1% BSA), and 15 pl of rat anti-mouse
CD31(BDBiosciences) or15 pl of rat anti-mouse CD45 (BD Biosciences)
wasadded. Dynabeads and antibody were incubated overnightat4 °C
onatuberotator. sWAT was excised from mice and minced. Tissue was
digested at 37 °Cin awater bath, with mixing every 10-15 min (2 mg ml !
collagenaseIl, 2 mg ml dispase Il and 1% delipidated BSA (DL-BSA) in
PBS). Homogenates were filtered through a 100-pum cell strainer and
diluted 1:1 with PBS. Digests were centrifuged (300g, 5 min). SVF pel-
lets were suspended in 3 ml of PBS +1% DL-BSA. CD31-Dynabeads and
CD45-Dynabeads were washed three times (5 ml of PBS +1% DL-BSA)
and diluted in 500 pl. Five hundred microliters of CD45-Dynabeads
was transferred to each cell suspension, and tubes were incubated
on arotator (4 °C, 20 min). Cells were placed on a magnetic rack and
washed three times (PBS +1% DL-BSA). Five hundred microliters of
CD31-Dynabeads was transferred to each cell suspension, and tubes
were incubated on a rotator (4 °C, 30 min). Cells were placed on a
magnetic rack and washed three times (PBS + 1% DL-BSA). After wash-
ing, cellswere centrifuged (100g,10 min, 4 °C). Cells wereimmediately
lysed, and RNA was isolated using an RNA Mini kit (Qiagen) for KPC
AT-ECs.

RNA isolation from muscle and heart ECs of KPC mice

Cells were isolated as described above except digestive solution con-
tained 2 mg ml™ collagenaseIl,2 mg ml™ dispase lland 2 pM CaCl,, and
ECswereisolated by CD31"selection alone.

Flow cytometry and fluorescence-activated cell sorting

WAT was minced and digested at 37 °C (2 mg ml™ collagenase 11,
2 mg ml™ dispase Iland 2% BSA in PBS for sWAT; 1 mg ml ™ collagenase
11, 1 mg ml* dispase Il and 2% BSA in PBS for vWAT). Homogenates
were filtered through 100-pum cell strainers (BD Falcon) and diluted
1:1with PBS. Digests were centrifuged (300g, 5 min). Red blood cells
were lysed in 1 ml of ACK lysis buffer (Thermo Fisher Scientific), fol-
lowed by dilution with 10 ml of PBS. Cells were centrifuged (300g,
5 min) and suspended in1 ml of PBS +1% BSA). SVF cells were counted
in a Neubauer counting chamber, and 3 x 10° cells suspended on ice
were stained with titrated antibody concentrations. Dead cells were
excluded by DAPI staining (Carl Roth). Antibodies used are listed in
the Reporting Summary. Aldefluor (Stem Cell Technologies, 01700)
and Annexin-PI (BD Biosciences, 556547) kits were used according to
the manufacturer’sinstructions. ALDH activity was gated according to
DEAB-treated controls. WAT ECs (CD31°CD45 DAPI"), macrophages (F4/
80"CD11b*CD45'DAPI") and stromal cells (CD140a*Scal’CD31 CD45"
DAPI") were sorted into 1.5-ml tubes precoated with 2% BSA in PBS on
atube rotor for 4 h before sorting into 2% BSA in PBS. Cells rested on
ice until centrifugation (5 min, 300g) and RNA isolation with a PicoP-
ure RNA isolation kit (Thermo Fisher Scientific). Organoid cells were
centrifuged following digestion and stained onice using an anti-CD45
(Thermo Fisher Scientific, 12-0149-41).
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cDNA synthesis and qPCR

RNA quantity was measured using a Nanodrop 100 (Thermo Fisher
Scientific). The High-Capacity cDNA Reverse TranscriptionKit (Applied
Biosystems) or the SuperScript IV VILO Master Mix (Life Technologies)
were used for cDNA synthesis. cDNA was diluted 1:40 in water. mRNA
expression was analyzed in doublets using SYBR Green master mix
(Thermo Fisher Scientific) with either aQuantStudio 3 (Thermo Fisher
Scientific) or StepOne Plus (Applied Biosystems). Gene expression was
normalized relative to the housekeeping gene OAZI for human ECs,
Cph, Rp(32 or Rpl13for mouse ECs and Cph, Gapdh or Tubain whole WAT
or adipocytes using the change in cycling threshold (2-24¢) method.
Primers used for RT-qPCR are listed in Supplementary Table 2.

Immunohistochemistry

Paraffin-embedded samples were deparaffinized and rehydrated in
xylene and step-wise reductionsin alcohol concentrations. H&E stain-
ing was performed according to standard protocols. Antibodies and
dilutionsused are stated in the Reporting Summary. For Oil Red O stain-
ing, livers were preserved by cryofreezing. Stainings were performed
oncryosections according to the manufacturer’s instructions (Sigma).
Masson-Goldner trichrome staining was performed according to the
manufacturer’sinstructions (Carl Roth).

Immunofluorescence

Spheroids were fixed in 4% paraformaldehyde, washed three times
withPBS and blocked in1% BSAin PBS and 0.1% Tween 20. Vessels were
stained with primary anti-CD31 conjugated to Alexa Fluor 647 (1:500;
CellSignaling, 49940) inblocking buffer for 2 h at room temperature.
Spheroids were washed twice with PBS, and LipidTOX (Life Technolo-
gies) and DAPI (Thermo Fisher Scientific) in blocking buffer were added
for 15 min. Spheroids were washed twice with PBS and mounted in
cavity slides (Marienfeld).

Image acquisition and quantification

H&E and DAB stainings were acquired on an Axio Scan Slide Scanner
Z.1(Carl Zeiss). Whole-mount, organoid and immunofluorescence
stainings (collagen IV and isolectin B4) were acquired on an LSM 700
confocal microscope (Carl Zeiss). Apoptosis/necrosis kit images were
acquiredonaCell Observer (Carl Zeiss). Image analysis was performed
using Fiji software®. The Adiposoft plugin was used for adipocyte area
quantification. The Color Transformer plugin was used to quantify
DAB, Oil Red O and Masson’s trichrome histological stainings. The
JACoP plugin was used to measure collagen VI and isolectin B4 colo-
calization. The AnalyzeSkeleton plugin was used to measure reticular
interstitium diameter.

RNA-seq

Human AT-ECs (passage 0) from six human samples pooled per depot
were treated with AAN1ICD or AAGFP adenovirusesin triplicates. RNA
was isolated using an RNA Mini kit (Qiagen) and analyzed for qual-
ity control by Bioanalyzer (Agilent). Libraries were prepared by the
DKFZ Genomics and Proteomics Core Facility. Libraries were pooled
and sequenced in two lanes on an lllumina HiSeq 4000 (50-base pair
single-end reads). Data were analyzed by the DKFZ Core Facility for
OmicsIT and DataManagement to calculate RPKM values. Differentially
expressed genes wereidentified using the DeSeq R package. GSEA and
IPA were performed as described below.

Microarray analysis

RNA from AT-ECs was isolated from KPC and control mice using an
RNA Mini kit (Qiagen) and analyzed for quality control by Bioanalyzer
(Agilent). RNA was hybridized to Mouse Affymetrix Clariom S Arrays,
and datawere subjected to normalization and group comparison by the
DKFZ Genomics and Proteomics Core Facility. Differentially expressed
genes were assessed by IPA analysis (P < 0.01; fold change >1.35).

GSEA

An‘AT-EC Notchl gene signature’ was created from the top 500 upregu-
lated genes obtained from the RNA-seq data comparing VWAT AT-ECs
overexpressing AAN1ICD to those expressing AAGFP. GSEA (Broad
Institute) was used to determine enrichment of the ‘AT-EC Notchl gene
signature’, ‘hallmark apoptosis’, ‘hallmark adipogenesis’and GO term
‘cellular response to RA’ in publicly available datasets consisting of
microarray data from individuals with precachexia or cachexia (GEO
GSE131835). Microarray data derived from whole vVWAT from healthy
control individuals and individuals with precachexia and cachexia
and human AT-EC RNA-seq data were analyzed by GSEA with 1,000
phenotype permutations.

IPA

IPA software was used toidentify predicted upstreamregulatorsin KPC
AT-EC (microarray) and AAN1ICD AT-EC (RNA-seq) datasets. KPC AT-EC
genes with a fold change of >1.35 and P value of <0.01 were used. The
top 250 most significantly differentially expressed genes in ANICD
AT-ECs were used.

Statistics and reproducibility

No statistical methods were used to predetermine sample sizes,
but our sample sizes are similar to those reported in previous pub-
lications"'#%, The experiments were not randomized. A minimum
number of mice was bred in accordance with the 3R principle, and
age-matched mice were selected from breedings. Researchers per-
forming experiments with the C26 model were blind to the experi-
mental hypothesis. Some western blots and RT-qPCR assays were
performed by aresearcher blind to the experimental hypothesis. Inall
other experiments, data collection and analyses were not performed
blind to the conditions of the experiments. Animals were excluded
for analyses in the case of failed tamoxifen-induced recombination
(as confirmed by PCR) or if an animal needed to be removed from an
experimentearly to prevent disease burden. Due to WAT loss and lack
of material, not all samples were included in allimmunohistochemis-
try experiments, and stainings were performed based on availability
of samples.

GraphPad Prism 9 was used to generate graphs and for statistical
analyses. Groups were tested for normality. Statistical significance was
calculated for two unmatched groups by unpaired, two-sided t-test with
Welch’s correction or Mann-Whitney test. One- or two-way ANOVAs
were used for more than two groups as specified, followed by Tukey’s
multiple comparisons tests. Datasets are presented as mean + s.e.m. P
values under 0.05 were considered significant. Data distribution was
assumed to be normal, but this was not formally tested.

Schematic figures
Schematics were created using BioRender.com.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

ChIP-seq, RNA-seqand microarray data supporting these findings have
been deposited in the GEO under accession codes GSE195537 (ChIP-
seq), GSE212926 (RNA-seq) and GSE212562 (microarray). Materials will
be provided onreasonable request. Source dataare provided with this
paper. All other dataare availablein the manuscript or Supplementary
Information.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Notch signalling is overactive in human and murine
models of cancer cachexia. a, RT-qPCR analysis of Notchl ligands JagI and DIl4
as well as total Notchl in sWAT ECs isolated from pre-cachectic KPC mice (n=6
animals per group). b,c, RT-qPCR analysis of prototypical Notchl target genesin
muscle ECs (b) and heart ECs (¢) of KPC mice compared to non-tumour bearing
controls (n = 5-6 animals per group). d, Analysis scheme of whole tissue harvested
from C26 cachectic mice. e, RT-qPCR analysis of prototypical Notchl target genes
andf, Notch ligands, Jagl, Dll4, and total Notchl in whole sSWAT harvested from
C26 mice (n = 6 animals per group). g, RT-qPCR of prototypical Notchltarget
genesin human vWAT ECs overexpressing AAN1ICD or AAGFP (n=3 (HESI) or 4
(HEY1, HEY2) biologically independent experiments). h, Heatmap comparing

expression levels of the top 10 leading edge genes of the ‘AT-EC Notchl gene
signature’ in patient samples (GSE131835). i, Heatmap of the top 20 leading edge
genes of the ‘AT-EC Notchl gene signature’ in KPC sWAT ECs isolated from mice
during pre-cachexia and the corresponding j, GSEA enrichment plot. k, Human
AT-ECs treated with recombinant IL-1B for 24 hours were analysed for JAGI and
HEYImRNA levels (n =3 biologically independent experiments). I, Human AT-ECs
treated with recombinant TNFa for 6 hours were analysed for JAGIand HEY1
mRNA levels (n = 3 biologically independent experiments). Data shown represent
mean + SEM, unpaired two-sided t-test with Welch correction. Experiments
shownina, band cwere performed twice with consistent results. Results shown
are from one representative experiment.
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Extended Data Fig. 2 | Chronic overactivation of EC Notchlsignalling induces
lipodystrophy in male NICD'°®* mice. a,b, RT-qPCR analysis of Notchl target
genes and ligands in male NICD®*¢ AT-ECs isolated from vWAT (n = 6 animals per
group; a) and sWAT (b) two weeks after tamoxifen treatment (n = 6 animals per
group). c,d, Body (c) and relative VWAT mass (d) of NICD'** male mice 2-7
weeks post-recombination (n = 2-8 animals per group). e, Relative SWAT

mass at weeks 4 and 7 in NICD™**“ male mice (n = 3-5 animals per group).

f, Representative photograph of NICD'°**C yWAT at week 6 post-recombination.
g h, Representative images of VWAT and sSWAT H&E stainings at weeks 4 (g) and

7 (h) from one (week 4) or two (week 7) independent experiments. Scale bar:

200 pum. i-1, Quantification of VWAT (n = 3-12 animals per group, 5 images per
mouse; iandj) and sWAT (kandl) adipocyte area at weeks 4 (iand k) and 7

(jand 1) quantified using the Adiposoft plugin for ImageJ (n =3 or 5 animals per
group, 5images per mouse). m, Relative plasma leptin levels measured at week 7
by adipokine array (n =4 animals per group). n, Basal blood glucose levels of male
NICD°F € mice between weeks 5 and 8 (n = 4-11 animals per group). o, Plasma
LDL/VLDL and HDL cholesterol (n = 8-10 animals per group). p,q, NEFA (n=5-6
animals per group; p) and TAG (n = 3-5 animals per group; q) measured in male
NICD € mice at week 7.1, Livers were stained with Oil Red O at week 7 when
substantial fat loss was observed. Scale bar: 200 pM. s, Lipid droplet content was
quantified from Oil Red O staining as percentage of total area (n = 7 animals per
group). Datashown represent mean + SEM, unpaired two-sided t-test with Welch
correction (a-e, k, m-q) or Mann-Whitney test (i-1, s). Datainiand j were pooled
from two individual experiments.
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Extended DataFig. 4| Apoptosis contributes to NICD*EC WAT loss in male
mice. a, Representative images of isolectin B4 whole mount stainings of NICD™¢ ¢
VWAT and sWAT at week 7 post-recombination. b,c, Isolectin B4* endothelial
coverage area was quantified (n = 5 animals per group). d, Enrichment plot of
‘Hallmark_apoptosis’ in cachectic compared to healthy vVWAT (GSE131835).

e, Adipose stromal cells (CD45CD31'CD140"Scal") assessed in SWAT of KPC mice
compared to non-tumour bearing controls for early apoptotic (Annexin V'PI"),
late apoptotic (Annexin V*'PI') and necrotic (Annexin V'PI) markers by flow
cytometry (n=5-6 animals per group). f-i, Quantified percentages of apoptotic
progenitors (CD45CD31°CD34"; fand g) and AT-ECs (CD45°CD31*; handi) in
VWAT (g andi) and sWAT (fand h) of NICD°** mice at week 7 analysed by flow
cytometry (n = 6-8 animals per group). j, Gating strategy of CD45"CD31"CD34"
adipose progenitors to assess early apoptosis (Annexin V*PI"), late apoptosis

(Annexin V*PI*) and necrosis (Annexin V'PI*) by flow cytometry. k, Western

blots of cleaved caspase-3 from control and NICD**¢ yWAT and sWAT.

I,m, Quantifications of VWAT (1) and sWAT (m) cleaved caspase-3 levels
normalized to VCP (n = 3-4 animals per group). n, Enrichment plot of
‘Hallmark_adipogenesis’ in healthy vWAT compared to cachectic patient samples
(GSEI131835). 0, Western blot analyses of whole VWAT and sWAT ATGL protein
levels normalized to the housekeeping protein VCP (n = 4 animals per group).
p.q, Ser565 and Ser660 HSL phosphorylation and total HSL were quantified

from whole sSWAT and vVWAT by Western blot analysis and normalized to the
housekeeping protein VCP. The ratios of pHSL:HSL in VWAT (p) and sWAT (q) of
NICD°¥¢ mice at week 5 post-recombination were quantified (n = 4 animals per
group). Datashown represent mean + SEM, Mann -Whitney test (b, ¢) or unpaired
two-sided t-test with Welch correction (e-q).
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Extended Data Fig. 5| Enhanced collagen secretion and type 2 inflammation
inNICD**®C WAT. a, Representative collagen 1V, isolectin B4 and DAPI
fluorescence stainings of NICD™®*¢ yWAT and sWAT sections at week 7 post-
recombination. Scale bar:100 pM. b-e, vVWAT (n = 8 biologically independent
animals pooled from two independent experiments) and sSWAT (n =9 animals
per group pooled from two independent experiments) were quantified for

total collagen IV expression as well as collagen IV:isolectin B4 co-localization.
f.g, RT-qPCR analysis of extracellular matrix and fibrotic markers in vVWAT (f)
and sWAT (g); n =3 animals per group. h, Representative images of H&E stained
VWAT reticular interstitium. Scale bar: 20 pm. i, Average thickness of the reticular
interstitium from vVWAT H&E staining (n = 7-8 animals per group pooled from
twoindependent experiments). j, RT-qPCR analysis of adhesion molecules in

human AT-ECs from VWAT and sWAT overexpressing AAN1ICD compared to
AdLacZ-overexpressing controls (n = 3 biologically independent experiments).
k.1, Westernblots (k) of VCAM-1levels in human AT-ECs were quantified (I)

and normalized to B-actin (n = 4 biologically independent experiments). m,n,
RT-qPCR analysis of macrophage markers and cytokines in whole vVWAT (m)
and sSWAT (n) of NICD***“ mice at week 4 post-recombination (n =3 animals per
group). o,p, Western blot (0) of Arg-1in whole NICD'°*£¢ yWAT at week 6 was
quantified (p) relative to VCP (n = 4 animals per group). Data shown represent
mean + SEM, Mann-Whitney test (b—e and p) or unpaired two-sided t-test with
Welch correction (f-n). Experiments a-e and hand i were performed twice and
results were pooled. Results were consistent between the two experiments.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | IL-33 upregulates ALDH1 and increases retinoic acid
signaling in whole WAT. a, Heatmap of genes associated with GO term ‘cellular
response to retinoic acid’ in healthy, pre-cachectic and cachectic VWAT patient
samples (GSE131835). b-d, Enrichment plots of GO term ‘cellular response to
retinoic acid’ in male (b) and female (c) VWAT from cachectic patients compared
to healthy patient samples as well as AAN1ICD-overexpressing VWAT ECs
compared to AAGFP controls (d). e, RT-qPCR analysis of genes involved in RA
metabolism and/or RAR targets in human vWAT and sWAT ECs treated with
AdNI1ICD versus AdGFP-overexpressing cells (n = 3-5 biologically independent
experiments). f,g, RT-qPCR analysis of mRNA expression levels of Aldh1
isozymes in whole vVWAT (f) and sWAT (g) from NICD"** mice 4-5 weeks post-
recombination (n = 6 animals per group). h, Gating strategy to analyse ALDH

activity in myeloid cells. i, Human WAT organoid stained with Bodipy, anti-CD31
antibodies and DAPI. Scale bar: 200 pum. j, RT-qPCR analysis of ALDHI isozymes
(n=6biologically independent experiments), k, ALDH"CD45* immune cells in
recombinant IL-33-treated organoids (10 ng/mL) compared to controls (n=6
biologically independent experiments). I, Gating strategy to analyse ALDH
activity in CD45" immune cells of human WAT organoids. m,n, RT-qPCR analysis
of Aldhlisozymes in NICD* € yWAT (m) and sWAT (n) adipocytes (n=3-5
biologically independent animals). o, RT-qPCR analysis of genes associated
with retinoic acid signalling in NICD'**¢ sWAT (n = 3 biologically independent
animals). Data shown represent mean + SEM, unpaired two-sided t-test with
Welch correction (e-g,j, m, n, 0) or Mann-Whitney test (k).
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Extended Data Fig. 7| Retinoic acid signaling in adipocytes and
macrophages. a,b, RT-qPCR analysis of Ucp1 (a) and beiging markers (b) in
SVF-differentiated adipocytes treated with 0 nM (DMSO only), 10 nM, 100 nM or
1M ATRA for 24 hours (n = 3 biologically independent experiments). ¢, RT-qPCR
analysis of Argl in BMDMs treated with ATRA for 72 hours (n = 3 biologically
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independent experiments). d, RT-qPCR analysis of Argl and Mrc1in BMDMs
treated with recombinant IL-33 for 72 hours (n = 3 biologically independent
experiments). Data shown represent mean + SEM, 1-way ANOVA (a), 2-way ANOVA
(b) or unpaired two-sided t-test with Welch correction (c,d).
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Extended Data Fig. 8 | BMS195614 downregulates RAR target genes in AT-ECs invitro. a,b, RT-qPCR analysis of prototypical RAR target genes in human vVWAT (a)
and sWAT (b) ECs upon treatment with 1,2.5 or 5 uM of RAR antagonist BMS195614 or DMSO (n = 3 biologically independent experiments). Data shown represent
mean + SEM, 2-way ANOVA with Dunnett’s test (a, b).
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Extended Data Fig. 9 | Confirmation of NICD'°®* findings in C26 and KPC
cachexiamodels. a, Gating strategy to quantify the percentage of ALDH"
AT-ECs of KPC pre-cachectic male mice. b, RT-qPCR analysis of /gfbp3in whole
SWAT from C26 cachectic mice compared to non-tumour bearing controls
(n=5animals per group). ¢, RT-qPCR analysis of Aldh1 isozymes in whole SWAT
from KPC pre-cachectic mice compared to non-tumour bearing controls (n=6
animals per group). d, RT-qPCR analysis of Argl and MrclI in sorted macrophages
(CD45*CD11b*F4/80") from KPC and non-tumour bearing mice (n = 6 animals
pergroup). e, RT-qPCR analysis and comparison of AldhI isozymes in SWAT

stromal cells (CD140a*Scal*'CD45 CD31") vs. macrophages (CD45*CD11b*F4/80")
FACS-sorted from KPC pre-cachectic mice compared to non-tumour bearing
controls (n = 6 animals per group). f, Flow cytometry analysis of the number of
myeloid cells per gram of SWAT, including macrophages (CD45*CD11b*F4/80"),
monocytes (CD45'CD11b*Ly6C"), eosinophils (CD45'CD11b"SiglecF*) and
neutrophils (CD45'CD11b'Ly6G"), from pre-cachectic KPC mice (n = 5-6 animals
per group). Data shown represent mean + SEM, unpaired two-sided t-test with
Welch correction (b, ¢, d, f).
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Extended Data Fig. 10 | UCP1immunohistochemical stainings of sWAT from KPC mice treated with BMS493 or DMSO (solvent control). a, Representative images
of UCP1 (DAB) stainings of sWAT from KPC or non-tumour bearing mice which received either oil (solvent control) or BM493 treatment orally from one individual
experiment. Scale bar:100 pm.
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Data collection  Microscopy images were acquired using ZEN blue Cell Observer (Zeiss) or Zen black by LSM700, LSM710, Axio Scan Slide Scanner Z.1 or Cell
Observer (Carl Zeiss). Flow cytometry data was collected using FACS Diva software (BD Biosciences). gRT-PCR data was collected using
QuantStudio 3 (Thermo Fisher), StepOne Plus (Agilent) or Light Cycler480 Il (Roche) softwares. Western blot images were collected using
Imagelab software (Biorad).

Data analysis Raw data from technical replicates were analysed using Excel (Microsoft) prior to statistical analysis of biological replicates using Graphpad
Prism v9 software. Experiments involving technical replicates were averaged to one biological replicate unless otherwise indicated (adipocyte
quantification). Microscopy images were processed and analysed using ZEN blue (Zeiss), ZEN black (Zeiss) and Fiji software using Adiposoft,
Color Transformer, JACoP and AnalyzeSkeleton plugins as indicated under Methods. Gene set enrichment analysis (GSEA) was performed
using GSEA software (v4.0.3, Broad Institute). Heatmaps were generated from GSEA software or from normalized data using R Studio
(v1.2.5033) with the ComplexHeatmap package. RNAseq data was analysed using the DESeq package to obtain differentially expressed genes.
Ingenuity pathway analysis (Qiagen) was used to identify top predicted upstream regulators based on differentially expressed genes. FlowJo
v10 was used for flow cytometry analysis.

ChipSeq: Raw FASTQ files were quality and adaptor trimmed using trimGalore v.0.6.5 . Trimmed files were aligned against the human
reference genome (hgl19) using Hisat2 v.2.2.152 and stored as binary alignment maps (BAM). Quality of the alignhment was inspected and
validated within R v.4.0.2 using systemPipeR’s alignStats function. PCR duplicates were removes using Picard tools. Coverage tracks based on
the processed BAM files were generated using Deeptools bamCoverage and stored as BigWig files (RPKM normalized). Binding profiles were
visualized within R using the R/BioConductor54 package GVIZ.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available in the manuscript or supplementary figures. The GEO accession number is GSE195537 for the ChIP-Seq, GSE212926 for RNA-Seq and
GSE212562 for microarray data. Materials will be provided on reasonable request.
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Reporting on sex and gender Using publicly available human datasets, we performed some analyses (GSEA) in groups separated based on the patient's sex.
(GEO: GSE131835).
Human adipose tissue biopsies were obtained from both sexes to isolated AT-ECs for cell culture experiments. Researchers
were blind to the sex of the patient and samples were pooled from both sexes.

Population characteristics Data was analysed was from a publicly available dataset in which age and sex are listed by authors . Samples were not
selected based on age given that less than 10 per group were available.(GEO: GSE131835).
AT-ECs were isolated from adipose tissue depots of human visceral abdominal and subcutaneous abdominal adipose tissue
biopsies and collected from patients undergoing bariatric surgery at the University Hospital Heidelberg. Patient samples were
pooled depending on the number of patient samples collected (up to six). For RNA-seq experiments, AT-ECs were isolated
from six patients and pooled to mask the identity of individual samples, and subsequently, treated with AAGFP of AAN1ICD
adenoviruses to overexpress GFP or N1ICD.

Recruitment ECs were isolated from adipose tissue depots of human visceral abdominal and subcutaneous abdominal adipose tissue
biopsies and collected from patients undergoing bariatric surgery at the Department of Surgery, University Hospital
Heidelberg.

Ethics oversight Collection was approved by the Institutional Review Board of the Medical Faculty of the University of Heidelberg in

accordance with the Declaration of Helsinki. All patients gave informed preoperative consent prior to sample collection.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size No stastical methods were used to determine sample size. Sample sizes were determined based on experience and variability of previously
published experiments (Wieland et al., Cancer Cell, 2017, Jabs et al. Circ, 2018, Hasan et al. Embo Mol Med 2019). All sample sizes are
indicated in figure legends.

Data exclusions  Data were excluded if technical problems were detected (failed genetic recombination confirmed by PCR or severe deviations in technical
replicates). Some NICDIiOE-EC numbers (week 7) were excluded from some immunohistochemistry staining experiments due to lack of
material caused by fat loss in mice. Mice were excluded from KPC experiments if they had to be sacrificed early for ethical reasons. All
repetitions of experiments were consistent.

Replication All experiments were performed and calculated based on biological replicates. All in vitro experiments were repeated three times unless
otherwise indicated (phenotype timeline- week 2, Extended Data Fig. 2). Human-derived samples were obtained from different patients per
biological replicate, including AT-ECs and organoids. Conclusions on the link to cachexia were made based on 2 different experimental models
at 2 separate institutions (Heidelberg and Munich). All attempts at replication were consistent. In some NICDIOE-EC experiments, samples
from two experiments were pooled.

Randomization  NICDIOE-EC and RbpjiEC mice were littermates (cre- or cre+) and therefore, no randomization was required. No statistical methods were used
to pre-determine sample sizes but our sample sizes are similar to those reported in previous publications. A minimum number of transgenic
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mice were bred in accordance with the 3R principle and mice were selected for experiments based on age matching. Wildtype mice used for
cachexia experiments were assigned randomly based on age matching. Human cells derived from the same patient(s) were used for both
control and experimental conditions in all in vitro experiments.

Blinding Researchers performing C26 cachectic experiments and analyses were blind to the experimental hypotheses. Investigators were not blind to

genotype during mouse experiments due to a clear phenotype. Some Western blots and qRT-PCRs were performed by a researcher blind to
the experimental hypotheses. Researchers were not blind in other experiments.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
™| Antibodies |:| ChIP-seq
Eukaryotic cell lines D IZ Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XX OX OO s
OO0XOXD

Antibodies

Antibodies used All antibodies are from commercial sources. Detailed information on their use is provided within the Methods section.
Western blot primary antibodies: ALDH1A2 (Cell Signaling, 83805S, 1:1000), Arginase-1 (Cell Signaling, 93668, 1:1000), Cleaved
Caspase-3 Asp175 (Cell Signaling, 9664, 1:1000), IL.-33 (Abcam, ab54385, 1:1000), TAGLN (Abcam, ab137453, 1:1000), VCAM-1
(Abcam, ab134047, 1:1000), VCP (Abcam, ab11433, 1:5000), B-actin (Sigma, A5441, 1:2000), UCP1 (Cell Signaling, 14670, 1:1000)
Western blot secondary antibodies: Polyclonal Goat Anti-Rabbit HRP (Dako, P0448, 1:2500), Polyclonal Rabbit Anti Mouse HRP rabbit
(Dako, PO260, 1:2500)
AT-EC isolation (KPC and week 7 AT-ECs): Rat-anti mouse CD45 antibody (BD Biosciences, 553078, 1:200), rat anti-mouse CD31
antibody (BD Biosciences, 550274, 1:200), Dynabeads-human CD31 (Thermo Fisher, 11155D, 1:150), Dynabeads Sheep Anti-Rat IgG
(Thermo Fisher, 11035, 1:150)
Flow cytometry and FACS: Antibodies from BD Biosciences: CD31 (561814), CD45 (552848, 550994, 552848, 612975), CD11b
(5528520, 741934), F4/80 (565410), SiglecF (740280), Ly6C (560592), Ly6G (560600). Antibodies from Thermo Fisher Scientific: CD34
(48-0341-82). Antibodies from Biolegend: CD140a (135905), Scal (108123), F4/80 (123129). Aldefluor (Stem Cell Technologies,
01700) and Annexin-PI (BD Biosciences, 556547) kits were used according to manufacturer’s instructions.
Flow cytometry (human): anti-human CD45 (BD Biosciences, 561863, 1:100)
Immunohistochemistry: CD11b (abcam, ab133357, 1:200), TAGLN (Abcam, ab127453, 1:100), collagen IV antibody (Biorad,
2150-1470, 1:200), isolectin B4 Alexa 647 (Thermo Fisher Scientific, 132450, 1:200), Goat anti-rabbit Alexa 546 (Thermo Fisher
Scientific, A21245, 1:200), Goat anti-rabbit HRP (Dako, P0448, 1:200), Rabbit anti-mouse HRP (Dako, P0260, 1:200)
Immunofluorescence: CD31 (Cell Signaling, 49940, 1:500), UCP1 (Abcam, ab23841, 1:100), IGFBP3 (LS-Bio, LS-B12492)
Chip-Seq: H3K27ac antibody (Diagenode, pAb-174-050, 2.5 ug / 100 ug (antibody / chromatin ratio)), His2Av antibody (Active Motif,
61686, 1 ug / 100 ug (antibody / chromatin ratio))

Validation All antibodies were validated by the manufacturers (Cell Signaling, Abcam, Sigma, Dako, BD Biosciences,Thermo Fisher, Biolegend,
BioRad, LS-Bio, Diagenode, Active Motif) for antigen specificity and species reactivity as shown in the data sheets and
attached references for each catalogue number. All stainings showed specific labelling similiar to validated results from the
manufacturers. Antibodies used for Western blot were confirmed to have the correct molecular weights.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293A cells were obtained as part of the ViraPower Adenoviral Expression System (Thermo Fisher). Primary endothelial
cells were isolated from human adipose tissue biopsies for in vitro experiments. Human and mouse stromal vascular fractions
were isolated from VWAT and/or sWAT. Human AT-ECs were used up to passage 5. Human AT-ECs treated with recombinant
TNF-alpha were purchased from Innoprot (Spain). KPC cell line was provided by Prof. Stephen Konieczny, at Purdue
University. Drosophila melanogaster Schneider cells were a gift of Rainer Renkawitz and Marek Bartkuhn (University of
Giessen).

Authentication HEK293A cells (Thermo Fisher) and KPC cells were not authenticated. Human endothelial cell identity was confirmed through
immunofluorescence based stainings of classical endothelial cell markers (VE-cadherin, CD31). Drosophila melanogaster

Schneider cells were validated via sequencing.

Mycoplasma contamination HEK293A and KPC cells were routinely tested for myoplasma contamination by PCR for mycoplasma contamination (primers:
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Mycoplasma contamination gggagcaaacaggattagatataccct, tcggaccatcatctgtcactctgttaacctc). Primary cells were not tested.

Commonly misidentified lines  No misidentified lines were used in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Animals were housed under specific pathogen-free barrier conditions and fed ad libitum a standard mouse chow (3437, Granovit
AG). Animals were housed at 22 + 2 °C with 60 % humidity and a 12-hour light /dark rhythm.
NICDIOE-EC mice: Flox-Notch1-ICD (Jackson Laboratory, USA) crossed with Cdh5(PAC)CreERT2 mice (C57BL/6J background). NICDIOE-
EC mice and controls (cre-) were given tamoxifen at 8-10 weeks of age (both sexes) and were used for experiments 2-7 weeks later.
RbpjiAEC mice: tamoxifen-inducible, EC-specific Rbpjk deletion was induced in Rbpjlox/lox mice (Jackson Laboratory, USA) crossed
with Cdh5(PAC)CreERT2 micel6,22 (C57BL/6N background). Tamoxifen dissolved in peanut oil was administered orally (2 mg for
three consecutive days) at 9-13 weeks of age. Control mice which did not express CreERT2 were also treated with tamoxifen.
RbpjiAEC mice were injected with PBS or KPC cells at three weeks following oral administration of tamoxifen.

KPC model: Mice were injected with cells from the pancreatic ductal adenocarcinoma cell line derived from KPC mice (KrasG12D;
Trp53R172H; Elas-CreER)50. 106 KPC cells in 100 uL PBS were injected intraperitoneally into 9-14 week old C57BL/6J or RbpjiAEC
mice and compared to PBS-injected, age-matched littermate controls. Tumour growth and animal well-being were closely inspected
daily according to score sheets monitoring variables such as body weight, behaviour and tumour growth (by palpations). To analyse
gene expression during pre-cachexia (<10% change in body mass), mice were analysed at 11 days post-tumour injection.

C26 BALB/c male mice were injected with tumor cells at 10-14 weeks of age. Mice were sacrificed 16-21 days after tumor cell
injection.
8-10 week old male C57BL/6J mice (Janvier) were used for in vitro experiments involving SVF cells.

Wild animals The study did not involve wild animals.

Reporting on sex Sex was considered in all aspects of the study. NICDIOE-EC experiments were performed in both sexes to analyse phenotype. A
phenotype was only seen in male mice. Based on this, only male mice were used for the C26 and KPC models as the purpose was to
analyse downstream components of the Notch pathway which contribute to WAT remodelling.

Field-collected samples  The study did not involve field-collected animals.

Ethics oversight All animal procedures were performed in accordance with institutional and national regulations and approved by local committees
for animal experimentation (RP Karlsruhe, DKFZ, Heidelberg University and RP Upper Bavaria).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

ChlP-seq

Data deposition
|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|X| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE195537
May remain private before publication.

Files in database submission H3K27ac_GFP_Repl_1.fastq.gz
H3K27ac_GFP_Repl_2.fastq.gz
H3K27ac_GFP_Rep2_1.fastq.gz
H3K27ac_GFP_Rep2_2.fastq.gz
H3K27ac_N1ICD_Repl_1.fastq.gz
H3K27ac_N1ICD_Repl_2.fastq.gz
H3K27ac_N1ICD_Rep2_1.fastq.gz
H3K27ac_N1ICD_Rep2_2.fastq.gz
Input_GFP_1.fastq.gz
Input_GFP_2 fastqg.gz
Input_N1ICD_1.fastq.gz
Input_N1ICD_2.fastq.gz

H3K27ac_GFP_1.bw
H3K27ac_GFP_2.bw
H3K27ac_N1ICD_1.bw
H3K27ac_N1ICD_2.bw
Input_GFP.bw
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Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

Peak calling parameters

Data quality

Software

Flow Cytometry

Input_N1ICD.bw

https://genome.ucsc.edu/s/tobiasfrie/NICD_Cach

Two biological replicates from adipose tissue endothelial cells infected with with adenoviruses expressing the GFP protein or N1ICD
protein.

Paired End reads:

FileName Nreads2x Nalign Perc_Aligned
GFP_178436180 73942231 94.2705662106441
N1ICD_1 78012740 72706547 93.1982994059688
GFP_2 69037542 64956928 94.0892826109018
N1ICD_2 59630912 55387653 92.8841286210749
Input_GFP 64599502 58858071 91.1122673979747
Input_N1ICD 67400518 61241864 90.8626013823811

H3K27ac: Diagenode pAb-174-050

Read mapping was performed using HISAT2 v.2.2.1 with parameter “--no-spliced-alignment” against hg19. Peak calling was
performed using MACS2 v.2.2.7.1 with input (GFP or NICD), g-value < 0.01 and genome size 2.7e9. Peaks were filtered for blacklisted
regions.

Reads were quality and adapter trimmed using TrimGalore v.0.6.4. with standard parameters. FASTQ files were inspected using
fastqc. Peaks were optically validated using the genome browser. Peaks had to be conserved in both replicates to be accepted.

fastgc (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/)

trimGalore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/)

HISAT2 (http://daehwankimlab.github.io/hisat2/)

IGV (https://software.broadinstitute.org/software/igv/)

deepTools (https://deeptools.readthedocs.io/en/develop/)

MACS?2 (https://github.com/hbctraining/Intro-to-ChIPseq)

BioConducter GenomicRanges (https://bioconductor.org/packages/release/bioc/html/GenomicRanges.html)

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

WAT was minced and digested at 37°C (2 mg/mL collagenase II, 2 mg/ml dispase II, 2% BSA in PBS for SWAT; 1 mg/mL
collagenase Il, 1 mg/mL dispase Il, 2% BSA in PBS for vWAT). Homogenates were filtered through 100 uM cell strainers (BD
Falcon) and diluted 1:1 with PBS. Digests were centrifuged (300xg, 5 min.). RBCs were lysed in 1mL ACK lysis buffer (Thermo
Fisher Scientific) followed by dilution with 10 mL PBS. Cells were centrifuged (300xg, 5 min.) and suspended (1 mL PBS + 1%
BSA). SVF cells were counted in a Neubauer counting chamber and 3x105 suspended on ice were stained with titrated
antibody concentrations. Dead cells were excluded by DAPI staining (Carl Roth). Antibodies from BD Biosciences: CD31
(561814), CD45 (552848, 550994, 552848, 612975), CD11b (5528520, 741934), F4/80 (565410), SiglecF (740280), Ly6C
(560592), Ly6G (560600). Antibodies from Thermo Fisher Scientific: CD34 (48-0341-82). Antibodies from Biolegend: CD140a
(135905), Scal (108123), F4/80 (123129). Aldefluor (Stem Cell Technologies, 01700) and Annexin-PI (BD Biosciences, 556547)
kits were used according to manufacturer’s instructions. ALDH activity was gated according to DEAB-treated controls. WAT
ECs (CD31+CD45-DAPI-), macrophages (F4/80+CD11b+CD45+DAPI-) and stromal cells (CD140a+Scal+CD31-CD45-DAPI-) were
sorted into 1.5 mL tubes pre-coated with 2% BSA in PBS at a tube rotor for 4 hours prior to sorting into 2% BSA in PBS. Cells
rested on ice until centrifugation (5 minutes, 300xg) and RNA isolation with the PicoPure RNA isolation kit (Thermo Fisher
Scientific). Organoid cells were centrifuged following digestion and stained on ice using CD45 (Thermo Fisher Scientific,
12-0149-41).

For flow cytometry analysis: FACS Canto Il (BD Biosciences), LSR Fortessa (BD Biosciences)
For cell sorting: FACS Aria (BD Biosciences)
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Software

Cell population abundance

Gating strategy

Analyses were performed with FlowJo (v9) and Graphpad Prism (v9).

Debris and single cells were excluded by FSC and SSC.

AT-EC sorting: DAPI- cells (to exclude dead cells) -> CD31 vs CD45 (to select for CD31+CD45- endothelial cells)

Macrophage sorting:DAPI- cells (to exclude dead cells) -> CD31 vs CD45 (to select for CD31-CD45+ immune cells) -
>CD11bvsF4/80 (to select for CD11b+CD45+F4/80hi macrophages)

Stromal cell sorting:DAPI- cells (to exclude dead cells) -> CD31 vs CD45 (to select for CD31-CD45- cells) ->CD140a vs Scal (to
select for CD140a+Scal+ stromal cells)

AT-EC Aldefluor analysis: CD31 vs CD45 (to select for CD31+CD45- endothelial cells) -> FSC-H vs ALDH (to determine ALDHhi
ECs, gating performed based on DEAB inhibiting control)

Macrophages (with or without Aldefluor analysis): FSC-H vs CD45 (to select for CD45+ immune cells) -> CD11b vs F4/80 (to
select for CD11b+F4/80hi macrophages) -> FSC-H vs ALDH (to determine ALDHhi macrophages, gating performed based on
DEAB inhibiting control)

Eosinophils (with or without Aldefluor analysis): FSC-H vs CD45 (to select for CD45+ immune cells) -> CD11b vs SiglecF (to
select for CD11b+SiglecF eosinophils) -> FSC-H vs ALDH (to determine ALDHhi eosinophils gating performed based on DEAB
inhibiting control)

Neutrophils (with or without Aldefluor analysis): FSC-H vs CD45 (to select for CD45+ immune cells) -> CD11b vs Ly6G (to
select for CD11b+Ly6G+ neutrophils -> FSC-H vs ALDH (to determine ALDHhi neutrophils gating performed based on DEAB
inhibiting control)

Monocytes (with or without Aldefluor analysis): FSC-H vs CD45 (to select for CD45+ immune cells) -> CD11b vs Ly6G (to select
for CD11b+Ly6G- cells) -> CD11b vs Ly6C (to select for CD11b+Ly6C- monocytes -> FSC-H vs ALDH (to determine ALDHhi
monocytes gating performed based on DEAB inhibiting control)

Progenitor apoptosis: CD31 vs CD45 (to select for CD31-CD45- non-immune or endothelial cells) -> FSC-H vs CD34 (to select
for remaining CD34+ progenitors) -> AnnexinV vs Pl (to determine early apoptosis (Annexin V+PI-) late apoptosis (Annexin V
+Pl+), necrosis (Annexin V-Pl+))

Stromal cell apoptosis:DAPI- cells (to exclude dead cells) -> CD31 vs CD45 (to select for CD31-CD45- cells) ->CD140a vs Scal
(to select for CD140a+Scal+ stromal cells) -> AnnexinV vs Pl (to determine early apoptosis (Annexin V+PI-) late apoptosis
(Annexin V+PI+), necrosis (Annexin V-Pl+))

Organoid Aldefluor macrophage analysis: FSC-H vs CD45 (to select for CD45+ immune cells) -> FSC-H vs ALDH (to determine
ALDHhi macrophages, gating performed based on DEAB inhibiting control)

Organoid Aldefluor immune cell analysis: FSC-H vs CD45 (to select for CD45+ immune cells) -> FSC-H vs ALDH (to determine
ALDHhi immune cells, gating performed based on DEAB inhibiting control)

Debris and single cells were excluded by FSC and SSC.

AT-EC sorting: DAPI- cells (to exclude dead cells) -> CD31 vs CD45 (to select for CD31+CD45- endothelial cells)

Macrophage sorting:DAPI- cells (to exclude dead cells) -> CD31 vs CD45 (to select for CD31-CD45+ immune cells) -
>CD11bvsF4/80 (to select for CD11b+CD45+F4/80hi macrophages)

Stromal cell sorting:DAPI- cells (to exclude dead cells) -> CD31 vs CD45 (to select for CD31-CD45- cells) ->CD140a vs Scal (to
select for CD140a+Scal+ stromal cells)

AT-EC Aldefluor analysis: CD31 vs CD45 (to select for CD31+CD45- endothelial cells) -> FSC-H vs ALDH (to determine ALDHhi
ECs, gating performed based on DEAB inhibiting control)

Macrophages (with or without Aldefluor analysis): FSC-H vs CD45 (to select for CD45+ immune cells) -> CD11b vs F4/80 (to
select for CD11b+F4/80hi macrophages) -> FSC-H vs ALDH (to determine ALDHhi macrophages, gating performed based on
DEAB inhibiting control)

Eosinophils (with or without Aldefluor analysis): FSC-H vs CD45 (to select for CD45+ immune cells) -> CD11b vs SiglecF (to
select for CD11b+SiglecF eosinophils) -> FSC-H vs ALDH (to determine ALDHhi eosinophils gating performed based on DEAB
inhibiting control)

Neutrophils (with or without Aldefluor analysis): FSC-H vs CD45 (to select for CD45+ immune cells) -> CD11b vs Ly6G (to
select for CD11b+Ly6G+ neutrophils -> FSC-H vs ALDH (to determine ALDHhi neutrophils gating performed based on DEAB
inhibiting control)

Monocytes (with or without Aldefluor analysis): FSC-H vs CD45 (to select for CD45+ immune cells) -> CD11b vs Ly6G (to select
for CD11b+Ly6G- cells) -> CD11b vs Ly6C (to select for CD11b+Ly6C- monocytes -> FSC-H vs ALDH (to determine ALDHhi
monocytes gating performed based on DEAB inhibiting control)

Progenitor apoptosis: CD31 vs CD45 (to select for CD31-CD45- non-immune or endothelial cells) -> FSC-H vs CD34 (to select
for remaining CD34+ progenitors) -> AnnexinV vs Pl (to determine early apoptosis (Annexin V+PI-) late apoptosis (Annexin V
+Pl+), necrosis (Annexin V-Pl+))

Stromal cell apoptosis:DAPI- cells (to exclude dead cells) -> CD31 vs CD45 (to select for CD31-CD45- cells) ->CD140a vs Scal
(to select for CD140a+Scal+ stromal cells) -> AnnexinV vs Pl (to determine early apoptosis (Annexin V+PI-) late apoptosis
(Annexin V+PI+), necrosis (Annexin V-Pl+))

Organoid Aldefluor macrophage analysis: FSC-H vs CD45 (to select for CD45+ immune cells) -> FSC-H vs ALDH (to determine
ALDHhi macrophages, gating performed based on DEAB inhibiting control)

Organoid Aldefluor immune cell analysis: FSC-H vs CD45 (to select for CD45+ immune cells) -> FSC-H vs ALDH (to determine
ALDHhi immune cells, gating performed based on DEAB inhibiting control)

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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