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In brief

Jalkanen et al. generate spatial and
single-nucleus transcriptomic maps of
human subcutaneous and visceral white
adipose depots, revealing distinct
cytoarchitectural and immunologic
features. Epiploic adipose tissue is
enriched for SAA1/SAA2-expressing
adipocytes that activate local myeloid
cells, highlighting an immune-metabolic
specialization in adipose tissue close to
the microbiome in the colon.
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SUMMARY

While itis well established that the cellular composition of white adipose tissue (WAT) varies between depots,
the functional relevance of this heterogeneity remains unclear. By combining spatial and single-nucleus RNA
sequencing, we provide a comprehensive map of subcutaneous and visceral (omental, mesenteric, meso-
colic, and epiploic) WAT in both men and women. Our analyses reveal shared features, such as the spatial
organization of adipogenesis, alongside depot-specific characteristics, including distinct cell-type enrich-
ments and unique cell-cell communication routes. Epiploic WAT stands out by harboring high proportions
of serum amyloid A expressing fat cells (encoded by SAA1/SAA2) and several leukocyte populations.
Through mechanistic studies, we demonstrate that adipocyte SAA7T/SAA2 expression is induced by inflam-
matory signals, including lipopolysaccharide, and that SAA1 activates immune responses in adipose-resi-
dent myeloid cells. Collectively, our findings suggest that visceral WAT exhibits distinct cytoarchitectural
properties, with those located near the colon adapting by developing specialized adipocytes and immune
cell populations.

INTRODUCTION

Multiple studies have revealed substantial cellular heterogeneity
within white adipose tissue (WAT), encompassing distinct popu-
lations of adipocytes, leukocytes, vascular cells, and adipose
stromal and progenitor cells (ASPCs), all of which collectively
regulate tissue function.” Out of the visceral depots, omental
fat has been extensively compared with subcutaneous
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Updates

WAT.2™ However, far less is known about the cellular composi-
tion and structural organization of other visceral regions,
including the mesenteric, mesocolic, mesorectal, and epiploic
depots, which remain underexplored in human studies. These
depots, positioned along the gastrointestinal tract, are thought
to provide mechanical protection, metabolic support, and im-
mune surveillance in response to gut-derived signals.>® Among
the few studies that have investigated these sites, Krieg et al.
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identified multiple differences across visceral WAT depots,
where links to insulin resistance were most prominent in epiploic
WAT.” Others have reported that mesenteric fat harbors smaller
adipocytes and a higher proportion of B cells, compared with the
mesocolic region.” However, these studies did not employ high-
resolution -omics technologies, leaving key aspects of visceral
WAT heterogeneity unexplored.

Here, we comprehensively profiled abdominal subcutaneous
and four visceral depots from eight men and women using sin-
gle-nucleus RNA sequencing (snRNA-seq) and spatial transcrip-
tomics (STx). Through integrative analyses, using existing and
in-house-developed tools, we uncovered unexpected structural
organization of all five depots and identified region-specific
cellular features, including distinct cell-cell communication
routes. Mechanistically, we observed intricate interactions be-
tween adipocytes and myeloid cells, which were particularly pro-
nounced in epiploic WAT. These findings highlight the complex
cellular architecture and functional diversity within different adi-
pose depots.

RESULTS

Adipose depots display qualitative and quantitative
differences in cell composition

To define the cellular landscape of WAT, we profiled five different
adipose depots. More specifically, we performed STx and
snRNA-seq on biopsies from the abdominal subcutaneous,
greater omental, mesenteric (close to the duodenum/jejunum),
and mesocolic regions (close to the transverse colon) and from
epiploic appendices (on the transverse colon) (Figure 1A). These
sites were selected because they are anatomically distinct and
accessible during intra-abdominal surgery. In total, eight donors
(n =4 men and n = 4 women) undergoing gastric bypass surgery
for severe obesity were included in the study. Selected clinical
variables are displayed in Figure 1B, with a full clinical descrip-
tion in Table S1.

After quality control, including ambient RNA removal and
doublet exclusion, we obtained transcriptional data from a total
of 61,560 spots (from 36 STx samples) and 255,273 nuclei (from
34 snRNA-seq samples), which were evenly distributed across
depots and donors (Figures 1B and S1A). For the STx data, we
applied SpotClean® to reduce the effects of diffused transcripts.
Next, we integrated the STx and snRNA-seq results across do-
nors and depots using Harmony® and scVI,'° respectively, as
these methods perform well on data obtained using the two plat-
forms.""'? As presented in Figures 1C and S1B, manual annota-
tion of the major snRNA-seq clusters revealed six classes en-
compassing (1) ASPCs, (2) mesothelial cells, (3) vascular cells,
(4) immune cells (myeloid and lymphoid), (5) adipocytes, and
(6) Schwann cells (a small group of glial cells). To determine var-
iations in cell class abundance across depots, we quantified their
proportions by region. Consistent with previous studies,”'® our
data showed that ASPCs constituted 20%-30%, mesothelial
cells 10%-25% (albeit not detected in subcutaneous WAT),
vascular cells 5%-15%, immune cells 30%-50%, adipocytes
20%-25%, and Schwann cells constituted <1% of the total
cell population (Figures 1D and S1C). The latter was predomi-
nantly detected in one donor and was therefore not further inves-
tigated. Because all donors in our study were individuals living
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with severe obesity, we compared marker gene expression
with the snRNA-seq dataset from Emont et al.> Adipocytes
from our cohort clustered with those from individuals with
obesity, while other cell classes showed no body mass index
(BMI)-related separation (Figure S1D). Thus, our data are repre-
sentative of high-BMI adipose tissue and show that the exam-
ined depots display qualitative and quantitative differences in
cell composition.

Stromal-vascular heterogeneity distinguishes adipose
depots

We next re-clustered the data and annotated the resulting iden-
tities to obtain a more detailed view of the composition of each
cell class. Except for adipocytes, which are difficult to reproduc-
ibly subdivide using snRNA-seq, ' all stromal-vascular classes
contained cell signatures displaying significant differences
comparing depots (Figures 2 and S2A-S2J; Table S2). As ex-
pected, subcutaneous WAT lacked mesothelial cells but was en-
riched in apolipoprotein D (APOD)-expressing ASPCs, vascular
endothelial cells, and specific immune cell populations, including
lipid-associated macrophages and mast cells. The mesenteric
and mesocolic depots exhibited similar cellular compositions,
whereas omental and epiploic WAT displayed distinct differ-
ences. Notably, the omental depot was enriched in a unique
mesothelial cell subtype, as well as late-committed ASPCs
(committed preadipocytes [CPAs]) and IGFBP2* ASPCs. The
latter observation aligns with previous data from Ferrero
etal.'” In contrast, the epiploic depot displayed a marked enrich-
ment of tissue-resident and recruited myeloid and lymphoid
cells, including type 2 conventional dendritic and T helper 17
cells. Altogether, our results show that the studied depots differ
in stromal-vascular composition, with subcutaneous, omental,
and epiploic WAT displaying distinct profiles.

Adipo4 is enriched in epiploic adipose tissue

For adipocyte subtype classification, we focused on the STx
data. By separately re-clustering the spots dominated by adipo-
cyte signatures, our analysis identified three fat cell identities,
which displayed striking similarities to Adipo*£”, Adipo™ ", and
Adipo®*, described by Backdahl et al.’? (Figures 3A and 3B).
Specifically, Adipo-cF was marked by genes encoding leptin
(LEP), cold shock domain containing E1 (CSDET), and tensin 1
(TNST); Adipo™N was enriched in perilipin 1 and 4 (PLINT and
PLIN4, respectively) and adiponectin (ADIPOQ); while AdipoS*4
showed high expression of genes linked to retinol transport
and metabolism, including serum amyloid alpha 1 and 2 (SAA7
and SAA2) and carboxylesterase 1 (CES7). Analyses of pub-
lished bulk transcriptomics data'®~'® and gPCR of fractionated
WAT showed that these markers were primarily expressed in ad-
ipocytes rather than other adipose-resident cell types, suggest-
ing that the observed heterogeneity is not due to cell-type mix-
tures within or near the corresponding Visium spot (Figures
S3A-S3D). We next examined if these fat cell identities differed
in terms of tissue abundance. Our results show that while
Adipo*£F and Adipo™N were more evenly distributed across de-
pots, Adipo>** displayed enrichment in epiploic WAT (Figure
3C). To validate these findings, we assessed Adipo®** marker
genes in our snRNA-seq results and in previously published
bulk transcriptomic and proteomic data.” All three datasets
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Figure 1. Adipose tissue depots show variations in cellular composition
(A) Overview of the studied WAT depots, indicating their anatomical localization and the analysis pipeline, which integrates data from snRNA-seq and STx.
(B) Selected clinical data and the number of spots and nuclei per individual included in the study. Sex is denoted by symbols. As indicated by the asterisk, no

nuclei were isolated for participant S6.

(C) Uniform manifold approximation and projection displaying the six main cell classes identified in the snRNA-seq data.

(D) Cell class distribution per depot and subject (n = 7, indicated by subject-specific symbols), expressed as a percentage of the total cell population (excluding
mesothelial cells) for all non-mesothelial cell types. For mesothelial cells only, the results are provided as a percentage of the total cellular pool. p values from
likelihood ratio tests (LRTs) comparing depots and error bars (standard error of the mean) are displayed.

ASPC, adipose stromal and progenitor cell; BMI, body mass index; HOMA-IR, homeostasis model assessment insulin resistance; y, years.

displayed high expression levels of AdipoS** markers in the epi-
ploic depot, thereby corroborating the STx results (Figure 3D). To
confirm this result in samples collected and processed indepen-
dently, we generated snRNA-seq data from a validation cohort
comprising four subjects (two men and two women), where ad-
ipose tissue was available from the abdominal subcutaneous,
omental, and epiploic depots (n = 12 samples). Comparisons
of these data with the snRNA-seq results generated herein and

by others? revealed that SAAT, SAA2, and CES1 were predom-
inantly expressed in a subpopulation of adipocytes and enriched
in the epiploic depot (Figures 3D, S3E, and S3F). We also stained
tissue sections with an antibody targeting CES1, choosing this
protein as it, in contrast to SAA1 and SAA2, is not secreted.
Compared with the other WAT regions, we observed the highest
CES1 staining intensity in epiploic and mesocolic fat, two depots
that are positioned close to the colon (Figures 3E and S3G). The
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Figure 2. The stromal-vascular cellular landscape varies between WAT depots
Cell name (identity), abundance (abun.), scaled proportion (prop.), and scaled (z-transformation) average expression (expr.) of selected marker genes for high-
resolution cell identities across depots. Results are displayed by cell class with significantly enriched (o < 0.05 using LRT) identities indicated.

(legend continued on next page)
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Figure 3. STx reveals epiploic enrichment of AdipoS*4

(A) Uniform manifold approximation and projection displaying adipocyte identities and expression densities for main marker genes in the STx data.

(B) Dot plots displaying the scaled average expression (expr.) profiles of the top three marker genes for each adipocyte identity in the present work and a previous
study.'?

(C) Abundance (abun.) and depot enrichments (scaled proportions, prop.) for the three main adipocyte identities. Significant enrichments (p < 0.05 using like-
lihood ratio test, LRT) are indicated.

(D) Heatmaps displaying expressional enrichments of Adipo>* markers across depots. Results are shown as scaled average expression for bulk transcriptomics
and proteomics from Krieg et al.,” as well as STx and snRNA-seq in the main (1) and validation (2) cohorts.

(E) Quantification of CES1 and lectin (LCA) normalized mean fluorescence intensity based on tissue sections from six individuals imaged using confocal mi-
croscopy. Asterisks denote statistically significant differences (*p < 0.05) comparing depots using one-way repeated measures ANOVA and Tukey’s multiple
comparisons test. Error bars are standard error of the mean.

(F) Representative image of epiploic WAT stained with LCA and an antibody directed against CES1. Scale bars, 200 pm (merge) and 100 um (inlay).

epi, epiploic; mc, mesocolic; ms, mesenteric; om, omental; sc, subcutaneous.

CES1 signal was unevenly distributed in contrast to the relatively
even lectin signal, suggesting cellular heterogeneity, which is ex-
pected for a subtype marker protein (Figure 3F). Overall, our find-
ings demonstrate that STx reproducibly identifies adipocyte
clusters where Adipo>* is particularly enriched in epiploic WAT.

Adipose tissue is organized in distinct spatial niches

To provide spatial context to our results, we deconvolved the
STx data with annotated snRNA-seq matrices using cell2loca-
tion, which assigns probabilistic cell-type compositions to
each spot.'® Building on these estimates, we developed spatial

ASPC, adipose stromal and progenitor cell; cDC2, type 2 conventional dendritic cell; CPA, committed preadipocyte; epi, epiploic; LAM, lipid-associated
macrophage; LEC, lymphatic endothelial cell; M$, macrophage; mc, mesocolic; meso, mesothelial cells; ms, mesenteric; MSC, mesenchymal stem cell; NK,
natural killer cell; om, omental; pDC, plasmacytoid dendritic cell; PVM, perivascular macrophage; sc, subcutaneous; SMC, smooth muscle cell; Th17, T helper 17
cell; TCM, central memory T cell; TEM, effector memory T cell; Treg, regulatory T cell; TRM, tissue-resident memory T cell; VEC, vascular endothelial cell.
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Figure 4. Distinct spatial niches define adipose tissue organization
(A) Overview of the homotypic and heterotypic score calculations. The SENSE framework quantifies homotypic (self-clustering preference) and heterotypic
(preferential co-localization between identities) scores.

(legend continued on next page)
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neighborhood enrichment analysis and evaluation (SENSE), a
framework that quantifies whether cell types preferentially clus-
ter with themselves (homotypic distribution) or with other cell
types (heterotypic distribution) (Figure 4A). As detailed in the
STAR Methods section, these scores were calculated by weigh-
ing each cell type’s proportion at a given spot according to the
proportion of the neighboring spots. Expected values were
generated by randomizing spatial coordinates across 50 itera-
tions to correct for differences in cell-type abundance. The final
enrichment scores were standardized by subtracting the mean
expected value and dividing by its standard deviation. Specific
mesothelial and myeloid cells, as well as plasma cells, exhibited
high homotypic scores, whereas most other cell types were
more broadly dispersed across the tissue (Figures 4B and 4C).
We validated the mesothelial cell findings using an antibody tar-
geting keratin 19 (Figures S4A and S4B). For heterotypic locali-
zation, our analysis identified spatially defined domains that
were either shared across multiple WAT regions or unique to a
single depot (Figures 4D and S4C). Among the shared domains,
we observed two major patterns: (1) specific myeloid identities
(classical monocytes, type 2 conventional dendritic cells, and
lipid-associated macrophages) were clustered together, and
(2) mesothelial cells were positioned near ASPCs (Figures 4D,
4E, and S4D). Further analysis revealed that ASPCs were
spatially organized into distinct layers, with CD55" mesenchymal
stem cells positioned near the mesothelium in visceral fat and
within connective tissue-rich, vessel-free regions in subcutane-
ous WAT (Figures 4F, 4G, and S4E). For the latter, our findings
align with mouse studies showing that these cells are excluded
from the perivascular compartment and instead reside in the
elastin- and fiber-rich reticular interstitium.?°? In contrast,
CPAs were found closer to mature adipocytes, while APOD*
ASPCs occupied an intermediate position between these two
layers (Figures 4F and 4G). To determine whether this arrange-
ment reflected an adipogenic trajectory, we deconvolved bulk
transcriptomic and proteomic data encompassing various
stages of human adipocyte de novo formation.'®'%%® As dis-
played in Figure 4H, this analysis demonstrated that the layered
ASPC populations expressed marker genes encoding proteins
enriched at specific time points of adipogenesis, going from
stem cells to intermediate and more committed stages. Further-
more, pseudo-time analysis of these identities by CellRank2®*
also aligned them along the adipogenic trajectory in all five
depots (Figures 41 and S4F). Collectively, these findings reveal
an unrecognized structural WAT organization with distinct
layered cellular arrangements originating from adipogenic
niches near the visceral mesothelium or the subcutaneous retic-
ular interstitium.
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The epiploic depot displays inflammatory and tissue
remodeling signals

Having established the cell proportions and spatial organization of
these depots, we next inferred cell-cell communication using Cell-
Chat.?® Our analysis revealed that epiploic WAT exhibited higher
numbers of interactions and stronger predicted signaling activity,
compared with the other depots (Figure 5A). To investigate the
drivers of these differences, we analyzed incoming and outgoing
signaling strengths for each cell class. While all of them contrib-
uted to the elevated communication observed in epiploic WAT,
specific patterns emerged; mesothelial cells, lymphoid cells,
and adipocytes primarily acted as signal senders, whereas
vascular and myeloid cells predominantly received signals. In
contrast, ASPCs maintained a balanced role, sending and
receiving similar numbers of signals (Figure 5B). Further analysis
of ligand-receptor interactions enriched in the epiploic region
identified pathways associated with extracellular matrix remodel-
ing, cell migration, and inflammation (Figure 5C; Table S3). Pseu-
dobulk comparisons of our snRNA-seq results confirmed an
enrichment of these processes in epiploic vs. subcutaneous
WAT (Figure 5D; Table S4). We obtained similar data when
repeating the analyses in the validation cohort (Figures S5A-
S5D). Together with our findings presented above, these results
highlight that epiploic fat harbors distinct populations of fat cells
and leukocytes, where adipocytes and lymphoid cells primarily
drive signaling, while myeloid cells predominantly act as receivers.

LPS and TNF-a induce SAA7 and SAA2 expression in
adipocytes

Given the enrichment of Adipo>* and immune cells in epiploic
WAT, we next sought to determine whether these cell types
engage in direct or indirect signaling interactions that might
shape the depot’s cellular landscape. SAA proteins have been
suggested to promote immune responses via binding to LDL re-
ceptor-related protein 1 (LRP1),2® Toll-like receptor 2 (TLR2),%’
and formyl peptide receptor 2 (FPR2).°®*° To explore these
signaling pathways, we compared receptor expression and esti-
mated cell-cell communication across depots. While all three re-
ceptors were expressed in each region, epiploic WAT exhibited
stronger adipocyte-to-ASPC and adipocyte-to-myeloid cell SAA
signaling, compared with the subcutaneous depot in both
snRNA-seq cohorts (Figures 6A, S6A, and S6B).

We next asked whether the signaling environment of epiploic
WAT might promote SAA7T and SAA2 expression. While the
mRNA levels of inflammatory markers were similar comparing
depots, pseudobulk comparisons of epiploic vs. subcutaneous
WAT revealed enrichment of genes encoding lipopolysaccharide
(LPS)-binding proteins and receptors (LBP, CD14, and TLR4),

(B and C) Homotypic scores for the indicated cell identities across all depots (B) and examples of cell types with high scores (C).
(D) Heatmap displaying heterotypic scores across depots for the indicated cell identity pairs. For the latter, colors and numbers refer to the nomenclature

presented in Figure 2.

(E) Representative example of identities displaying high heterotypic scores in subcutaneous fat.
(F) Distribution of mesothelial cells (meso-1), mesenchymal stem cells (MSCs), APOD* ASPC-2, CPAs, and adipocytes in epiploic fat.
(G) Same as in (F), but for the subcutaneous region. Note the lack of mesothelial cells and the presence of APOD* ASPC-1.

(H) Scaled average expression (expr.) of marker genes in snRNA-seq (left) or protein deconvolution scores from Klingelhuber et al

for the indicated cell identities.
(I) Pseudo-time analyses of the indicated cell identities across all depots.

1.%® across adipogenesis (right)

For (E)—(G), the box in the top left corner refers to the cell class identity presented in (D). cDC2, type 2 conventional dendritic cells; epi, epiploic; H&E, hematoxylin
and eosin; LAM, lipid-associated macrophage; mc, mesocolic, meso, mesothelial cells; ms, mesenteric; om, omental; sc, subcutaneous.
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Figure 5. The epiploic depot displays pronounced inflammatory signals
(A) Number (upper) and strength (lower) of predicted cell-cell communication displayed by depot and subject (n = 7, indicated by subject-specific symbols).
p values are from likelihood ratio tests (LRTs) and error bars represent standard error of the mean.

(B) Incoming and outgoing strengths displayed per cell class and depot.

(C) Top 10 cell-cell communication pathways displayed per depot using the same color code and symbols as in (A). Error bars represent standard error of

the mean.

(D) Top 10 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways identified through comparisons of epiploic vs. subcutaneous WAT.
ASPC, adipose stromal and progenitor cell; epi, epiploic; mc, mesocolic; ms, mesenteric; NES, normalized enrichment score; om, omental; sc, subcutaneous.

together with downstream signaling proteins in the nuclear factor
kappa B (NF-kB), mitogen-activated protein kinase, and signal
transducer and activator of transcription (STAT) pathways
(Figures 6B, S6C, and S6D). Our observations led us to hypoth-
esize that activators of these signaling axes may stimulate SAA71
and SAA2 expression in human adipocytes. Indeed, LPS and tu-
mor necrosis factor alpha (TNF-a) strongly upregulated SAA7
and SAA2 mRNA levels, while interleukin-1p (IL-1p) and IL-6
alone or in combination elicited more modest effects
(Figure 6C). These results together with the anatomical proximity
of the epiploic WAT to the gut microbiome, a major source of
endotoxin, suggest a potential role for LPS-driven signaling in
this depot.®°*® Treating human adipocytes with LPS induced a
concentration-dependent increase in SAAT and SAA2 expres-
sion, which was confirmed at the protein level and sustained
for several hours (Figures 6D, 6E, and S6E). This response was
adipocyte specific, as ASPCs, endothelial cells, THP1 macro-
phages, and CD45* adipose cells did not upregulate SAA7 and
SAA2 despite induction of known LPS-responsive genes such
as C-C motif chemokine ligand 2 and C-X-C motif chemokine
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ligand 8 (Figures 6D, S6F, and S6G). Our results align with previ-
ous data demonstrating that LPS induces SAA production pri-
marily in adipocytes.®* To further investigate the basis of this
cellular specificity, we analyzed paired snRNA-seq and methyl-
3C data from Chen et al.* In line with our own datasets, SAA7
and SAA2 were enriched in adipocytes, compared with other ad-
ipose-resident cells (Figure SE6H). This was accompanied by
SAA1 and SAA2 promoter hypomethylation in adipocytes, while
gene body methylation remained unchanged (Figure S6l). These
findings point to promoter methylation as a potential regulatory
layer of SAAT and SAA2 transcription, consistent with reports
linking reversible demethylation of the SAAT promoter to expres-
sion in hepatic and non-immune cells.*®

To delineate the signaling pathways underlying the induction
of SAAT and SAAZ2 in adipocytes, we examined phosphorylation
events following LPS stimulation. Based on our pseudobulk
analysis presented in Figures 6B and S6D, we focused on NF-
kB and STAT3, two transcription factors known to regulate early-
and late-phase responses downstream of TLR4 activation.®” ™'
Motifs for these regulators are present in the hypomethylated
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Figure 6. Inflammatory cues drive SAA1/SAA2 expression in adipocytes
(A) Cell-cell communication analysis of SAA signaling pathway for the indicated depots and cells. Line colors and widths represent the sending cell and the

strength of the signal, respectively.

(B) Pseudobulk comparison of differentially expressed genes in epiploic vs. subcutaneous depots, highlighting the indicated signaling pathways.
(C) Expression of SAAT mRNA upon stimulation with LPS (10 ng/mL), TNF-« (2.5 ng/mL), IL-1p (10 ng/mL), or IL-6 (10 ng/mL) for 24 h. Data are presented as fold
change (FC) over vehicle. Significant (<0.05) p values compared with the vehicle from one-way ANOVA are shown.

(legend continued on next page)
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SAA promoter regions (Figure 6F), and we observed rapid phos-
phorylation of NF-xB, while STAT3 phosphorylation increased
progressively over a 24-h period following LPS stimulation
(Figure S6J). Consistent with this, inhibiting these pathways us-
ing BAY 11-7082 (NF-xB inhibitor), STAT3 inhibitor VII (STAT3 in-
hibitor), or antibodies directed against TLR4 and CD14, attenu-
ated LPS-induced SAAT and SAA2 expression (Figure 6G). In
contrast, treatment with Z-VAD-FMK (pan-caspase inhibitor)
had no effect, indicating that caspase-dependent mechanisms
were not involved (Figure 6G). Altogether, our findings suggest
that SAAT and SAA2 mRNA levels in adipocytes are regulated
by inflammatory cues, with TNF-a and LPS serving as key in-
ducers through NF-xB- and STAT3-dependent pathways.

Myeloid cells respond to SAA1 by inducing pro-
inflammatory pathways

Finally, we set out to validate the predicted cellular targets of
SAAT1 identified through our ligand-receptor analyses. To this
end, we isolated the stromal-vascular fraction from subcutane-
ous WAT and incubated the cells with recombinant human
SAAT1 for 6 h, using LPS as a comparator. We found that both li-
gands regulated pathways related to inflammation, including
cytokine-cytokine receptor interactions and JAK-STAT signaling
(Figure 7A; Tables S5 and S6). However, the gene sets driving
these enrichments were only partly overlapping (Figure 7B).
This divergence was further reflected by the presence of distinct
signatures where SAA1 preferentially induced immune-meta-
bolic programs including TLR signaling and carbohydrate and
amino acid metabolism, whereas LPS affected oxidative phos-
phorylation, extracellular matrix, and peroxisome proliferator-
activated receptor pathways (Figure 7A). Analysis of the cellular
origin of the regulated transcripts showed that SAA1 responses
mainly stemmed from myeloid cells, while LPS primarily acti-
vated ASPCs and vascular cells, findings that were similar in
the validation cohort (Figures 7C and S7A). The observation
that SAA1 targets myeloid cells was further supported by the
finding that AdipoS* cells marked by CES1 were positioned
near macrophages in epiploic WAT and that CEST mRNA levels
correlated with adipose macrophage abundance in an indepen-
dent cohort’ (Figures 7D, S7B, and S7C). Taken together, our
results suggest that adipocyte-derived SAA1 promotes immune
responses in myeloid cells within the adipose tissue
microenvironment.

DISCUSSION

Most studies comparing subcutaneous and visceral fat depots
have focused on omental WAT, largely because of its accessi-

Cell Metabolism

bility during intra-abdominal surgery. However, omental fat rep-
resents only a small fraction of the total visceral adipose tissue in
the abdominal cavity. By systematically analyzing subcutaneous
and multiple intra-abdominal fat depots, we uncover significant
inter-regional differences in cellular composition and tissue ar-
chitecture. For example, we identify distinct mesothelial sub-
types, variations in immune and fat cell landscapes, and re-
gion-specific adipogenic niches. These findings underscore
the need for caution when extrapolating “visceral” results from
the omental depot alone.

The results presented here are based on integrative analyses
of snRNA-seq and STx, requiring the development of bio-
informatic approaches to extract cytoarchitectural insights
from WAT—a tissue that is histologically less organized than,
for example, the brain or liver. Using these scripts, we reveal a
higher degree of tissue organization than previously recognized.
For example, we identify region-specific enrichment of CD55*
mesenchymal stem cells, localized within mesothelial regions
of visceral WAT or the reticular interstitium of subcutaneous
WAT. The latter is consistent with findings in mice and hu-
mans.?®?? Building on these observations, we map concentric
waves of intermediate and CPAs emerging from these regions
and progressing toward mature adipocytes. Additionally, we
characterize immune cell-dense regions where specific leuko-
cytes are closely positioned to one another. These findings sug-
gest that semi-supervised clustering approaches, informed by
our results, could further uncover cytoarchitectural structures
in WAT, as seen in studies of the prefrontal cortex.*?

The enrichment of Adipo®** and specific immune cells in
visceral fat depots near the colon, combined with our cell-cell
communication analyses predicting interactions between these
cells, led us to further validate our findings. SAA1 and SAA2
are acute-phase proteins primarily produced by the liver in
response to inflammation, infection, or tissue injury and are
linked to obesity, atherosclerosis, inflammatory bowel disease,
and cancer.*®*° We demonstrate that recombinant SAA pro-
motes immune responses, particularly in adipose-resident
myeloid cells. Additionally, inflammatory stimuli such as LPS
specifically induce SAA7T and SAA2 expression in fat cells, sug-
gesting a bidirectional crosstalk in which inflammatory signals
amplify immune responses through SAA1. This aligns with previ-
ous findings showing that adipocyte SAA1 and SAA2 levels
correlate with macrophage infiltration“® and that SAA1 plays a
role in intestinal immunity.?® Given that obesity is associated
with increased gut permeability, allowing microbial components
to enter the circulation,®"*"*® our findings suggest that this
signaling axis in WAT may serve as a response mechanism to
environmental cues.

(D) Relative expression of SAAT (left) and SAA2 (right) mRNA in adipocytes, ASPCs, adipose-derived endothelial cells (adECs), and THP1-derived macrophages
(THP1 MO). Significant (<0.05) p values compared with the cell-type-specific control from one-way ANOVA are shown.

(E) Results from ELISA measurements of SAA in conditioned media from human adipocytes incubated without or with LPS for 72 h. Results are displayed as
mean, error bars represent standard error of the mean, and statistical significance was calculated using Student’s t test.

(F) Analyses of DNA methylation in the indicated cell classes for the promoter and gene body regions of SAA7 and SAA2, respectively. Chromosomal localization

and motifs for NFKB2/RELA/REL and STAT3 are indicated for both genes.

(G) SAAT and SAA2 mRNA expression in adipocytes treated with or without LPS in the presence or absence of different inhibitors described in the main text. Data
are presented as FC over vehicle. Significant (<0.05) p values compared with the vehicle from one-way ANOVA are shown.
For (C), (D), and (G), data are displayed as geometric mean + 95% confidence intervals with technical replicates displayed from three independent experiments.

ASPC, adipose stromal and progenitor cell.
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Figure 7. SAA1 activates adipose-resident myeloid cells

(A) Top Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways based on differentially expressed genes from comparisons of SAA1- or LPS-treated vs.
control-treated adipose-derived stromal-vascular cells.

(B) Network view of the six common SAA1- and LPS-regulated pathways showing shared and treatment-specific genes.

(C) Expression scores for SAA1- (left) and LPS-responsive (right) genes following a 6-h incubation with either ligand in stromal-vascular cells from subcutaneous
human WAT. Results are displayed on the uniform manifold approximation and projection panel from Figure 1C and violin plots for each indicated cell class. Note
that adipocytes and mesothelial cells were removed as these are not present in the stromal-vascular fraction from the subcutaneous depot.

(D) Representative immunostaining of epiploic adipose tissue using antibodies directed against markers for Adipo>** (CES1) and macrophages (CD68).
Hoechst33342 was used as the counterstain for nuclei. Scale bar, 100 pm.
ASPC, adipose stromal and progenitor cell; NES, normalized enrichment score.
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In this and our previous studies, '>'® we use the terms Adipo*£¥,

Adipo™ N, and Adipo>** to define adipocyte identities reproduc-
ibly observed in STx data from human WAT. However, it remains
unclear whether these represent stable states or transient adapta-
tions. As SAAT and SAA2 are induced by TNF-a and LPS, our data
suggest that at least Adipo®** may represent a transient, inflam-
mation-induced state of adipocytes. Mechanistically, the LPS-
mediated induction was restricted to adipocytes and required
NF-kB and STAT3 signaling. In line with this, the SAA7 and
SAA2 promoters are hypomethylated in adipocytes and harbor
binding motifs for these transcription factors, providing a chro-
matin environment permissive for activation.

Altogether, our study provides a detailed characterization of
five human WAT depots, revealing distinct regional differences
in cellular composition and cytoarchitecture. We show that adi-
pose tissue is more structured than previously thought and iden-
tify an adipocyte-immune signaling axis active in colon-associ-
ated fat depots. As all our data will be made available through
public repositories, including the adipose tissue knowledge por-
tal (http://www.adiposetissue.org/),'® they allow for additional
in-depth analyses of single-cell and spatial aspects of WAT
biology.

Limitations of the study

Testing the mechanistic basis of adipocyte SAA induction in hu-
mans would ideally require repeated visceral fat biopsies before
and after specific interventions, which are not practically or ethi-
cally feasible. Moreover, such experiments cannot be replicated
in mice because of fundamental interspecies differences in fat
distribution and anatomy, including the absence of epiploic
WAT.*® Another limitation is that all tissue samples in this study
were derived from individuals with obesity. While this provided
access to otherwise inaccessible adipose depots and enabled
analyses in two independent cohorts, it constrains direct com-
parisons with normal-weight individuals and may limit the gener-
alizability of our findings to the broader population.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Niklas Mejhert (niklas.
mejhert@ki.se).

Materials availability
All unique reagents generated in this study are available from the lead contact
upon request.

Data and code availability

Raw data are provided in Data S1. Spatial and single-nuclei RNA sequencing
data are deposited at Mendeley Data (https://doi.org/10.17632/8p7k6htgfm.
1). All R scripts are deposited at GitHub (https://github.com/jiawei-zhong/
WAT depots). Any additional information required to reanalyze the data re-
ported in this paper is available from the lead contact upon request. However,
full individual clinical data are not publicly available because these data
contain information that could compromise research participant privacy or
consent.
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Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE

o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
e METHOD DETAILS

Spatial transcriptomics using Visium spatial gene expression
Preprocessing of spatial transcriptomic data

Spatial data integration and cell type identification
Generation of single-nucleus RNA sequencing data
Preprocessing of snRNA-seq data

snRNA-seq data integration and cell type identification

Data generation and processing of the validation cohort
Spatial deconvolution

Quantifying spatial neighborhood enrichment with SENSE
Pseudo-time analysis

Cell-cell communication analysis

Bulk deconvolution

IHC staining and imaging

Quantification of CES1 signal

Human adipose tissue-derived stromal cell differentiation and stim-
ulation

O O OO0 O0OO0OO0OO0OO0OO0OO0OO0OO0OO0o0OO0


http://www.adiposetissue.org/
mailto:niklas.mejhert@ki.se
mailto:niklas.mejhert@ki.se
https://doi.org/10.17632/8p7k6htgfm.1
https://doi.org/10.17632/8p7k6htgfm.1
https://github.com/jiawei-zhong/WAT_depots
https://github.com/jiawei-zhong/WAT_depots
http://darwidillustration.com/en/

Cell Metabolism

o Adipose tissue-derived endothelial cell isolation and culture

o THP1 cell culture

o Magnetic bead separation and LPS stimulation of CD45" cells

o Gene expression analysis by quantitative reverse transcription PCR

o Western blot

o SAA quantification in conditioned media

o Stromal-vascular fraction isolation for LPS and recombinant SAA
treatment

o Bulk RNA-seq data analysis of LPS and recombinant SAA treated
samples

o Gene set enrichment analysis
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CES1 polyclonal antibody
KRT19 monoclonal antibody (EP1580Y)
CD68 multiclonal antibody

Donkey anti-rabbit secondary antibody
conjugated with Alexa Fluor 647

Donkey anti-rabbit secondary antibody
conjugated with Alexa Fluor 555

Donkey anti-mouse secondary antibody
conjugated with Alexa Fluor 488

CD284 (TLR4) monoclonal antibody (HTA125)

CD14 monoclonal antibody (61D3)

NF«xB p65 monoclonal antibody (D14E12)

Phospho-NFkB p65 [Ser536] monoclonal antibody (93H1)
STAT3 monoclonal antibody (124H6)

Phospho-STAT3 [Tyr705] monoclonal antibody (D3A7)
a-tubulin monoclonal antibody (11H10)

Anti-rabbit IgG, HRP-linked antibody

Anti-Mouse IgG, HRP-linked antibody

Proteintech

Abcam

Abcam

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

eBioscience
eBioscience
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Promega

Cat#16912-1-AP; RRID:AB_2077500
Cat#ab52625; RRID:AB_2281020
Cat#ab199000; RRID: AB_3720205
Cat#A-31573; RRID:AB_2536183

Cat#A-31572; RRID:AB_162543

Cat#A-21202; RRID:AB_141607

Cat#14-9917-82; RRID:AB_468607
Cat#14-0149-82; RRID:AB_467129
Cat#8242; RRID:AB_10859369
Cat#3033; RRID:AB_331284
Cat#9139; RRID:AB_331757
Cat#9145; RRID:AB_2491009
Cat#2125; RRID:AB_2619646
Cat#7074; RRID:AB_2099233
Cat#W4021; RRID:AB_430834

Biological samples

Human subcutaneous and visceral adipose
tissue samples, main cohort

Human subcutaneous and visceral adipose
tissue samples, validation cohort

Human subcutaneous adipose tissue samples

Leipzig Obesity Biobank

This paper

This paper

https://www.helmholtz-munich.de/
en/hi-mag/cohort/leipzig-obesity-
bio-bank-lobb

N/A

N/A

Chemicals, peptides, and recombinant proteins

Serum-free protein block

TrueView autofluorescence quenching kit
Fluorescein-labeled lectin
Dylight649-labeled lectin

Hoechst33342

VectaMount AQ Mounting Medium

LPS derived from E. coli (O55:B5)

Fetal bovine serum

Human recombinant TNF-o protein
Human recombinant IL-6 protein

Human recombinant IL-1p protein
Z-VAD-FMK

BAY-11-7082

STATSi VI
Phorbol-12-myristat-13-acetat (PMA)
cOmplete Mini, EDTA-free Protease Inhibitor Cocktail
PhosSTOP Phosphatase Inhibitor

ECL Select reagent

Agilent Technologies
Vector labs

Vector labs

Vector labs

Abcam

Vector labs
Sigma-Aldrich
Hyclone
Sigma-Aldrich
Thermo Fisher Scientific
Sigma-Aldrich
Bio-Techne
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cytiva
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Human recombinant SAA1 protein OriGene Cat#TP310664
CD45 MicroBeads, human Miltenyi Cat#130-045-801
Critical commercial assays

Human Serum Amyloid A Human ELISA Kit Abcam Cat#ab100635

Chromium Single Cell v3.1
Visium Spatial Gene Expression

10X Genomics
10X Genomics

Cat#PN-1000691, PN-1000690, PN-1000215
Cat#PN-1000186, PN-1000190, PN-1000185

Deposited data

Source data

Raw and analyzed adipose depots single
nuclei and spatial gene expression data

RNA-seq matrices of adipose stromal vascular cells
under SAA1 or LPS treatment

Human reference genome NCBI build 38, GRCh38

Adipose snRNA-seq data, previously published

Published spatial transcriptomics
of human adipose tissue

Integrated sc/snRNA-seq map of human adipose
FANTOMS5 CAGE-seq data

Microarray of cell type fractions of human WAT
Proteomics data of human preadipocyte adipogenesis

This paper
This paper

This paper

Genome Reference

Consortium
Emont et al.”
Backdahl et al.’?

Massier et al."®
Noguchi et al."”

Acosta et al.’®

Klingelhuber et al.”*

Data S1
Mendeley Data: https://doi.org/10.17632/8p7k6htgfm.1

Mendeley Data: https://doi.org/10.17632/8p7k6htgfm.1

https://www.ncbi.nim.nih.gov/datasets/
genome/GCF_000001405.40/

GEO: GSE176067 and GSE176171
Mendeley Data: https://doi.org/10.17632/3bs5f8mvbs.1

Mendeley Data: https://doi.org/10.17632/y3pxvrdxbf.2
https://fantom.gsc.riken.jp/5/data/

GEO: GSE100795

PRIDE: PXD047412

Adipose depots validation data, transcriptomics Krieg et al.” https://doi.org/10.1136/gutjnl-2021-324603
Adipose depots validation data, proteomics Krieg et al.” PRIDE: PXD022465
Adipose snm3C-seq3 and snRNA-seq data Chen et al.*® GEO: GSE297267
Experimental models: Cell lines

THP1 cells This paper N/A

Adipose tissue derived endothelial cells This paper N/A

Adipose tissue derived stem cells This paper N/A
Oligonucleotides

Primers for SAAT; fw: This paper N/A
AACTATGATGCTGCCAAAAGG,

rev: TGGATATTCTCTCTGGCATCG

Primers for SAA2; fw: This paper N/A
CTGCAGAAGTGATCAGCA,

rev: ATTATATGCCATATCTCAGC

Primers for IL6; fw: This paper N/A
CCTGAACCTTCCAAAGATGGC,

rev: TTCACCAGGCAAGTGTCCTCA

Primers for CCL2; fw: This paper N/A
AGAATCACCAGCAGCAAGTGTCC,

rev: TCCTGAACCCACTTCTGCTTGG

Primers for CXCLS; fw: This paper N/A
CACTGCGCCAACACAGAAAT,

rev: TTCTCAGCCCTCTTCAAAAACTTC

Primers for PLINT; fw: This paper N/A
TGGAGACTGAGGAGAACAAG,

rev: ATGTCACAGCCGAGATGG

Primers for LEP; fw: This paper N/A
CTGTGCGGATTCTTGTGGCT,

rev: GAGGAGACTGACTGCGTGTGT

Primers for 18S; fw: This paper N/A

TGACTCAACACGGGAAACC,
rev: TCGCTCCACCAACTAAGAAC
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Primers for B2M; fw: This paper N/A
AAGGACTGGTCTTTCTATCTC,

rev: GATCCCACTTAACTATCTTGG

Primers for RPLPO; fw: This paper N/A
AACTCTGCATTCTCGCTTCC,

rev: GGACTCGTTTGTACCCGTTG

Software and algorithms

Code for data analysis

Code for Spatial neighborhood
ENrichment analySis and Evaluation

(SENSE) framework
ImageLab software v6.0.1

GraphPad Prism v10.1.2
Rv4.1.3
RStudio

CellRanger v6.1.2 and v7.1.0

SoupX v1.6.2
DoubletFinder v2.0.3

Space Ranger v2.0.0

Cutadapt v4.1
Loupe Browser v5.0.0

SpotClean v1.0.1
scVIv0.16.2

Seurat v4.3.0 andv5.3.0
DemuxEM

CellBender v0.2.0

scds v1.14.0
scDblFinder v1.12.0
Harmony v0.1.0

Cell2location vO0.1
CellRank2 v2.0.6
CellChat v2.1.2
Bisque v1.0.5

Fiji v2.17.0

STAR v2.7.2a

HTseq v2.0.3
Gencode v43
ClusterProfiler v4.6.2

DESeq2 v1.48.2

This paper; Github
This paper; Github

Bio-Rad

GraphPad

R Foundation
Posit

10X Genomics

Young et al.*°

McGinnis et al.®’

10X Genomics

Martin®?
10X Genomics

Ni et al.®
Lopez et al.'®

Hao et al.>®

Gaublomme et al.>*

Fleming et al.®®
Bais and Kostka®®
Germain et al.””

Korsunsky et al.’

Kleshchevnikov et al.”
Weiler et al.*

Jin et al.**

Jew et al.*®
Github
Dobin et al.>®
Anders et al.®°
Mudge et al.®’

Yu et al.®?

Love et al.®®

https://github.com/jiawei-zhong/WAT _depots
https://github.com/jiawei-zhong/SENSE

https://www.bio-rad.com/en-se/product/
image-lab-software?|D=KRE6P5E8Z

https://www.graphpad.com/
https://cran.r-project.org/bin/windows/base/
https://posit.co/products/open-source/rstudio/

https://www.10xgenomics.com/
support/software/cell-ranger/

https://github.com/constantAmateur/SoupX

https://github.com/chris-mcginnis-
ucsf/DoubletFinder

https://www.10xgenomics.com/
support/software/space-ranger/latest

https://cutadapt.readthedocs.io/en/stable/

https://www.10xgenomics.com/
support/software/loupe-browser/latest

https://github.com/zijianni/SpotClean
https://github.com/scverse/scvi-tools
https://satijalab.org/seurat/
https://github.com/lilab-bcb/demuxEM
https://github.com/broadinstitute/CellBender
https://github.com/kostkalab/scds
https://github.com/plger/scDblFinder

https://github.com/immunogenomics/
harmony?tab=readme-ov-file

https://github.com/BayraktarlLab/cell2location
https://github.com/theislab/cellrank
https://github.com/jinworks/CellChat
https://github.com/cran/BisqueRNA
https://github.com/fiji/fiji
https://github.com/alexdobin/STAR
https://github.com/htseq/htseq
https://www.gencodegenes.org/

https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Adipose tissue samples were obtained within clinical studies approved by the regional institutional review boards in accordance with
the Declaration of Helsinki. Samples used for the snRNA-seq, STx, and immunofluorescence imaging have been approved by the

local ethics committee at the University of Leipzig (Reg. #017-12-23012012), and samples used for SAA and LPS protein stimulation
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were approved in Stockholm (Clinical Trial identifier NCT01727245). All subjects provided written informed consent. In Leipzig, ad-
ipose tissue samples were collected from eight subjects undergoing bariatric surgery. Subcutaneous adipose tissue was obtained
from the incision site of the first trocar in the left paramedian mid-abdomen. Omental samples were taken from the midsection of the
pars libera of the greater omentum. Mesenteric samples were collected from the mesentery around the mid-jejunum, while mesocolic
samples were obtained from the mesenteric region of the transverse colon. Additionally, epiploic samples were taken from the
appendices epiploicae of the transverse colon. Clinical parameters for the included participants are listed in Table S1. In Stockholm,
three subjects (all women, aged 30-51 years, with a BMI of 34.5-37.4) underwent bariatric surgery, and adipose tissue samples were
collected from the abdominal subcutaneous area. The validation cohort data collection and processing were performed in accor-
dance with the University of Pittsburgh Medical Center (UPMC) and Beth Israel Deaconess Medical Center institutional review
boards. Paired subcutaneous, omental, and epiploic samples were obtained from four individuals undergoing either Roux-en-Y or
vertical sleeve gastrectomy surgeries at UPMC. In total, two women and two men were included. Their clinical characteristics
were the following (range, min-max): age (21-57 years), BMI (36.5-60.3 kg/m?), HOMA-IR (7.0-17.8), and HbA1c (5.5-6.8 %).

METHOD DETAILS

Spatial transcriptomics using Visium spatial gene expression

Adipose tissue samples (n=36) were embedded in OCT (Tissue-Tek, Sakura Finetek) and sectioned into 16 pm thick sections using a
CryoStar NX70 cryostat (Thermo Fisher Scientific). Blade temperature: -35°C; specimen temperature: -40°C. The sections were sub-
sequently placed on Visium spatial gene expression slides, stored overnight at -80°C and processed according to the Visium Spatial
Gene Expression protocol (10x Genomics). The resulting slide was incubated for 45 seconds at 37°C, before proceeding with an
extended fixation with cold methanol (VWR Chemicals) at -20°C for 40 minutes. The slide was then gently dipped in 1x PBS to remove
the OCT surrounding the tissue sections. Haematoxylin and eosin (H&E) staining was carried out by incubating the tissue sections for
3 min in Mayer’s haematoxylin (Agilent Technologies), followed by 30 seconds in eosin (Sigma-Aldrich) (1:20 dilution in Tris buffer,
pH 6) and mounted using 80% diluted glycerol. Bright-field images were acquired using the Metafer Slide Scanning platform and
stitched in VSlide software (both from Metasystems). Permeabilization was carried out for 15 min as previously described.'? Dual-
indexed libraries of the tissue sections were generated following the Visium Library Preparation protocol. Libraries were sequenced
on a NextSeq 2000 platform (lllumina) using P3 and P2 reagent and flow cell kits, with 1% PhiX spike-ins. The read lengths were 28 nt
for R1 (spatial barcode and UMI), 10 nt for i7, 10 nt for i5, and 90 nt for R2 (insert).

Preprocessing of spatial transcriptomic data

We first used Cutadapt v4.1°° to remove template switch oligos and polyA homopolymers. Manual image alignment and tissue-
covered spots selection were performed in Loupe Browser v5.0.0. Because the biopsies were small, sections often varied in shape,
and regions with folds, tears, or poor signal quality were excluded. Next, the processed data was demultiplexed and aligned to the
genome by using Space Ranger v2.0.0. The hg38 human genome (refdata-gex-GRCh38-2020-A) from 10X Genomics was used. We
leveraged SpotClean v1.0.1° to reduce lateral diffusion events. Spots with more than 40% of mitochondrial genes or 10% of hemo-
globin genes were discarded.

Spatial data integration and cell type identification

SCTransform from Seurat v4.3.0°° was used for normalization, standardization and identification of highly variable features. Indepen-
dent components were calculated and used as input for Harmony v0.1.0° to correct for batch effects across donors and depots. The
latent embedding of Harmony was adopted for spot clustering and dimension reduction. By leveraging latent embedding of Harmony,
we built a shared nearest neighbor graph, clustered spots and visualized them in a two-dimensional embedding by using FindNeigh-
bors, FindClusters and RunUMAP. Highly expressed genes of each cluster were calculated by FindMarker. We annotated each clus-
ter by comparing their highly expressed genes with a previously published human adipose tissue STx dataset. '

Generation of single-nucleus RNA sequencing data

After the STx experiments, the OCT-embedded samples were processed for nuclei isolation after carefully removing the OCT surround-
ing the tissue. A total of 50-100 mg of tissue was placed into a gentleMACS C-tube containing 3 mL of freshly prepared nuclei isolation
lysis buffer (5 mM CaCl, 3 mM, 3 mM MgAc, 2 mM EDTA, 0.5 mM EGTA, 10 mM Tris pH 8.0, 5 mM DTT, protease and RNAse inhibitors).
The samples (n=34) were homogenized using a gentleMACS dissociator and incubated at 4°C for 5 min with an additional 3 mL of lysis
buffer plus 0.4% Triton-X. The homogenate solution was transferred to a 50 mL conical tube over a 70 pm cell strainer and centrifuged at
1000 x g for 5 min at 4°C with a low break speed. The pellet was resuspended with 1 mL of 2% BSA-PBS and filtered through a 40 pm
FlowMi strainer (SP SCIENCEWARE; Belart). The fluorescent dye Draq7 (Thermo Fisher Scientific) was added to each nuclei suspension
sample for cell sorting using a FACS Melody system (BD Bioscience). Nuclei were sorted in DNA Lo-Bind tubes (Eppendorf AG) pre-
coated with 500 pL of 2% BSA-PBS. The sorted nuclei were further centrifuged at 1000 x g for 5 min at 4°C. The pellet was resuspended
with 50 pL of 2% BSA-PBS. Approximately 1000-1500 nuclei/pl were dispensed on the Chromium Next GEM Chip G according to the
manufacturer’s protocol (Chromium Next GEM Single Cell 3’ Reagent Kits v3.1) and loaded into the 10x Chromium controller (10x Ge-
nomics). cDNA samples and snRNA-seq libraries were generated following the 10X Genomics protocol (Chromium Next GEM Single
Cell 3’ Reagent Kits v3.1). cDNA samples and snRNA-seq libraries quality and integrity were assessed using a DNA High Sensitivity
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Bioanalyzer Chip (Agilent 2100 Bioanalyzer) and quantified using the Qubit dsDNA High Sensitivity assay kit (Thermo Fisher Scientific)
following the manufacturers’ instructions. Libraries were pooled and sequenced on NovaSeq 6000 S4 flow cell (Illumina) to a depth of
approximately 360 million reads per library with 2 x 150 bp paired-end.

Preprocessing of snRNA-seq data

Cutadapt® was applied to remove adaptors. Trimmed sequencing data were processed using Cell Ranger v7.1.0 based on the
default parameters to align to hg38 genome, demultiplex cell barcodes and generate cell-by-gene expression matrices. Next, we
applied SoupX v1.6.2°° and DoubletFinder v2.0.3°" to remove ambient RNA contamination and doublets, respectively. Cells with
more than 5% of mitochondrial RNA were filtered. Hemoglobin and mitochondrial genes, ribosomal protein families, MTRNR and
MALAT1 were excluded prior to performing downstream analyses.

snRNA-seq data integration and cell type identification

snRNA-seq matrices were integrated to remove batch effect across donors and depots using scV/ v0.16.2."° Specifically, we used
Seurat to merge all matrices and identify the top 2,000 highly variable features. The latent embedding was then generated by get_-
latent_representation from scVI. We adopted this for latent embedding cell clustering and dimension reduction. Highly expressed
genes of each cell cluster were determined by FindMarker. We annotated clusters through comparison of highly expressed genes
with well-established adipose tissue cell type specific markers.'® The annotation was made hierarchical. The first level included
broad cell classes (e.g., vascular, immune), while the second level of annotation contained specific cell types within each class.

Data generation and processing of the validation cohort

White adipose tissue snRNA-seq was performed as previously described.®* Briefly, for each 10x run, 12 adipose samples were sepa-
rately homogenized in TST buffer using a gentleMACS Dissociator (Miltenyi Biotec). Lysate was filtered through 40 pm and 20 pm
nylon filters (CellTreat), centrifuging and resuspending in fresh buffer each time. After the second wash, each sample was incubated
with NucBlue (Thermofisher scientific) as well as an individual hashtag antibody (BioLegend) for 45 min. After incubation, nuclei were
washed and flow-sorted together into RT Reagent B (10x Genomics) using a Beckman Coulter MoFlo Astrios EQ with a 70 pm nozzle
to remove poor quality nuclei and count the same number of nuclei per sample. After sorting, samples were immediately loaded on
the 10x Chromium controller (10x Genomics) according to the manufacturer’s protocol. Single Cell 3’ v3.1 chemistry was used to
process all samples, and cDNA and gene expression libraries were generated according to the manufacturer’s instructions (10x Ge-
nomics). Gene expression libraries were multiplexed and sequenced on the Nextseq 500 (lllumina). Raw sequencing reads were pro-
cessed into digital expression matrices using Cell Ranger v6.1.2 using GENCODE annotation GRCh38. DemuxEM v0.1.6°* was used
to sort cells into individual samples based on their antibody hashtags. Ambient RNA was removed from the processed DGEs using
CellBender v0.2.0,°° and doublet scores were calculated using both scDbiFinder v1.12.0°” and scds v1.14.0.%° Cells were removed
as doublets if they were both determined to be a doublet using scDbiFinder and if they had a scds hybrid score > 1.5. Cells
with < 800 UMIs were removed from the dataset, as were cells with > 10% of mitochondrial reads. We integrated the matrices using
scVI and annotated each cluster as described above.

Spatial deconvolution

We performed cell2location v0.1'° for the deconvolution of STx by using snRNA-seq data with the second level annotation (described
above) as input. Default parameter settings were used for deconvolution analysis. Subsequently, cell type proportions for each spot
were calculated by dividing the abundance of each cell type by the total abundance of a given spot.

Quantifying spatial neighborhood enrichment with SENSE

We developed Spatial neighborhood ENrichment analySis and Evaluation (SENSE) framework to measure spatial relationships be-
tween cell types. SENSE integrates deconvolution-derived cell-type proportions with neighborhood information to evaluate two
complementary metrics: homotypic score (self-clustering preference) and heterotypic score (preferential co-occurrence between
identities). SENSE is available via GitHub (https://github.com/jiawei-zhong/SENSE).

Homotypic score calculation

We extended the algorithm described in the previous study'? by integrating it with the deconvolution results. Briefly, we let Xsc bethe
deconvolution-inferred proportion of cell type c in spot s. For each spot, N(s) was defined as its six adjacent spots. The observed
homotypic score Kops (S, c) was then calculated as:

kobs(sc = scX ijc

jeN(s)

To estimate an expected (random) score, we permuted the coordinates within each slide 50 times. The expected score was then
defined as the average over these permutations:

1 50
kexp S C) - 70 Z obs S C)7
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where p was defined as each permutation. The final homotypic score was obtained by normalizing the difference between the
observed and expected scores by the total proportion of the cell type in the slide:

Kobs(S,€) — Kexp(S,C)

E:)Qc '

seS

k(s,c) =

where S was the set of all spots.

Heterotypic score calculation

We further extended our scoring approach to quantify co-occurrence between different cell types. The observed heterotypic score
for cell types ¢ and ¢’ in spot s was computed as:

Kos(S,C,C') = Xeo X Xeor + <Xsc Z Xie + Xsor Z Xm)

JEN(s) JjeN(s)

We also permuted the coordinates 50 times to calculate the expected score and its standard deviation:

1 50
Kerp(s,€,¢) = 25 Z ") (s,c,c)

1 0 2
Uexp(S,C,C/) = \jso 1 Z (kgi))s(svcvc/) - kE‘XP(SvC’CI)) '
p=1

The final z-score heterotypic score was determined as:

kobs(37 C, C/) - kexp(37 C, C/)

k(s,c,c’) = oon(5.6.¢')
7 b

Pseudo-time analysis

CellRank2 v2.0.6°* was used for pseudo-time analyses, where asm00, 02, 03, and 08 were used as input. Diffusion pseudotime was
employed by selecting the extremum of diffusion components as the root cell. The transition matrix was generated based on Cell-
Rank2’s PseudotimeKernel and visualized as streamlines in the UMAP embedding.

Cell-cell communication analysis

Cell-cell communication analysis was performed using CellChat v2.1.2° based on the curated ligand-receptor interaction database
(CellChatDB). In brief, normalized gene expression matrices with level 1 annotation from different depots were provided as input to
CellChat, respectively. The matrices were generated by combining snRNA-seq data (excluding adipocytes) with adipocyte informa-
tion from STx. Donor identity was used as the batch variable.

Bulk deconvolution
Deconvolution of bulk proteomics data of human adipocyte differentiation was performed using a marker-based approach from Bis-
que v1.0.5.°® The marker genes were calculated within the ASPC cluster.

IHC staining and imaging

WAT biopsies were embedded in paraffin blocks and subsequently cut into 7 pm thick sections, which were baked at 62°C for 45 min.
After deparaffinization and serial dehydration steps, antigen retrieval was performed by heating the tissue sections in 10 mM citrate
buffer pH 6.0 (tri-sodium citrate in distilled water) for 20 min using a microwave. Slides were washed three times with PBS containing
0.3% Triton X-100. Then, slides were blocked with protein block (Agilent Technologies, X090930-2) for 30 min at room temperature
prior to primary antibody incubation. Primary antibody (anti-CES1 [1:500, 16912-1-AP, Proteintech], anti-KRT19 [1:200, ab52625,
Abcam] and anti-CD68 [1:100, ab199000, Abcam]) was diluted in protein block (X090930-2, Agilent Technologies) and incubated
on the sections overnight at 4°C. After three wash steps with washing buffer (0.05% Tween-20 [P1379, Sigma-Aldrich] in PBS),
the slides were incubated with secondary antibodies (donkey anti-rabbit conjugated with Alexa Fluor 647 [1:200, A-31573, Thermo
Fisher Scientific], donkey anti-rabbit conjugated with Alexa Fluor 555 [1:500, A-31572, Thermo Fisher Scientific], and donkey anti-
mouse conjugated with Alexa Fluor 488 [1:500, A-21202, Thermo Fisher Scientific]) diluted in 0.1% Tween in PBS or protein block
for an hour at room temperature. The slides were washed three times for 10 min with washing buffer. TrueView autofluorescence
quenching kit (VEC-SP-8400-15, Vector labs) was applied following the manufacturer’s instructions. Fluorescein-labeled lectin
(1:200, FL-1041, Vector labs) or Dylight649-labeled lectin (1:200, DL-1048-1, Vector labs), together with Hoechst33342 (1:2000,
ab228551, Abcam), was applied on the slides for 20 minutes. Lastly, the slides were washed once with PBS and swirled in
MilliQwater before mounting on a #1.5 coverslip in VectaMount AQ Mounting Medium (H-5501, Vector labs).
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Images were acquired on a Nikon Ti2 microscope equipped with a spinning disk confocal (Crest Optics V3), and a Kinetix sCMOS
camera (Photometrics, 6.5um pixels). The imaging wavelengths used were for Fluorescein labelled lectin ex477 nm, em515/30, for
Alexa Fluor 647 labeled CES1 ex637nm em685/40. Z-stack images (2.5 um step size (Nyquist sampling) were acquired using a Nikon
10x/0.45 air objective. All data were acquired without saturation.

For the CD68-CES1 double stain, the images were acquired in the same way as above by using lasers ex405 nm and emission filter
em438/24 for Hoechst, ex477 nm, and em515/30 for CD68, ex546, and em593/40 for CES1, and ex638 nm and em685/40 for lectin.
Z-stack images (5 steps, 4 0.9 um) were acquired using a 20x objective, and 4x4 images were stitched together by using 15% overlap
blending.

Quantification of CES1 signal

Quantification of the CES1 signal was performed in Fiji v2.17.0. More specifically, ten randomly selected regions were manually
drawn based on lectin staining. The mean fluorescent intensity of CES1 in these regions was then measured after background sub-
traction from three randomly selected areas inside three adipocytes.

Human adipose tissue-derived stromal cell differentiation and stimulation

CD55% ASPCs were cultured, and adipogenic differentiation was induced as previously described.®® Briefly, cells were obtained from
subcutaneous WAT of one anonymous male donor and maintained at 37°C in a humidified incubator with 5% CO: in proliferation me-
dium (DMEM [31885-023 Gibco], 10 mM HEPES [15630-056 Gibco], 10% fetal bovine serum [FBS, SV30160, Hyclone], 50 pg/mL
Penicillin-Streptomycin [15140-122 Gibco] supplemented with 2.5 ng/mL fibroblast growth factor 2 [FGF2, F0291, Sigma-Aldrich]).
Three days after the cultures reached confluence, FGF2 was withdrawn from the medium, and differentiation was initiated the following
day using a medium based on 1:1 (v:v) DMEM and Ham’s F12 (21765-037, Gibco), supplemented with 5 pg/mL insulin (19278, Sigma-
Aldrich), 1 uM dexamethasone (D1756, Sigma-Aldrich), 100 uM 3-isobutyl-1-methylxanthine (IBMX, 15879, Sigma-Aldrich), 0.2 nM
3,3’,5-Triiodo-L-thyronine (T6397, Sigma-Aldrich), 10 pg/mL transferrin (T8158, Sigma-Aldrich) and 10 uM rosiglitazone (71740,
Cayman Chemicals) for 3 days. After this, dexamethasone and IBMX were removed. Rosiglitazone was removed after 10 days and
the cells were used before or 12 days after inducing adipogenic differentiation (proliferating hADSC and adipocyte in Figures 6 and
S6, respectively). To study the effects of LPS, cells were incubated with 1, 10, or 100 ng/mL LPS derived from e. coli (055:B5,
L4524, Sigma-Aldrich) with 1% FBS for 24 hours or with 10 ng/mL LPS and 1% FBS for 0, 0.5, 2, 4, 8 and 24 hours. Similarly, cytokines
were added for 24 hours with 1% FBS present and compared to control cells receiving sterile distilled water and 1% FBS. TNF-a
(H8916, Sigma-Aldrich) was used at a concentration of 2.5 ng/mL, and IL-6 (200-06, Thermo Fisher Scientific) and IL-1p (H6291,
Sigma-Aldrich) at a concentration of 10 ng/mL. For studying pathways responsible for SAA7/SAA2 mRNA induction, inhibitors and
blocking antibodies (anti-TLR4 [1:100, 14-9917-82, eBioscience], anti-CD14 [1:50, 14-0149-82, eBioscience], Z-VAD-FMK [20 pM,
FMKO001, Bio-Techne], BAY-11-7082 [2.5 pM, 196870, Sigma-Aldrich], STATSi VIl [0.5 uM, 573103, Sigma-Aldrich]) were added
1 hour prior to addition of 1% FBS and 10 ng/mL LPS for 24 hours. 0.5% (v/v) DMSO (D2650, Sigma-Aldrich) was used as a control.

Adipose tissue-derived endothelial cell isolation and culture

Endothelial cells from human WAT were isolated as described previously.®® Briefly, adipose tissue was minced and enzymatically
digested for 30 min at 37°C in supplemented KnockOut DMEM (10829018, Thermo Fisher Scientific) containing penicillin/strepto-
mycin (15140122), Antibiotic-Antimycotic (15240062), 1 mM sodium pyruvate (11360070), 1x MEM non-essential amino acids
(11140050), 2 mM L-glutamine (25030024), 1x Endothelial Cell Growth Factor supplements (ECGS/heparin; C-30120, PromoCell),
collagenase | (17100017), 0.25 U/mL Dispase, and 7.5 mg/mL DNase |. Following digestion, the cell suspension was passed through
a 100 pm cell strainer (Falcon, Corning 352360) and washed in PBS containing 0.5% BSA and 2 mM EDTA. Endothelial cells were
enriched by sequential magnetic depletion of CD45* cells and positive selection of CD31* cells using MicroBeads (130-045-801
and 130-091-935, Miltenyi) and columns according to the manufacturer’s instructions. Isolated cells were cultured on 0.1%
gelatin—coated plates in supplemented Endothelial Cell Growth Medium 2 (C-22011, PromoCell) at 37°C and 5% CO.. Single-donor
cultures were used between passages 3-4. To assess LPS responsiveness, cells were treated with 1, 10, or 100 ng/mL LPS (L4524,
Sigma-Aldrich), sterile distilled water (vehicle), and 860 nM insulin (19278, Sigma-Aldrich) for 24 h.

THP1 cell culture

Human monocytic THP1 cells were cultured in RPMI 1640 GlutaMAX medium (61870044, Gibco) supplemented with 10 mM HEPES
(15630-056, Gibco), 50 U/mL penicillin and 50 pg/mL streptomycin (15140-122, Gibco) and 10% FBS (SV30160, Hyclone) that was
heat-inactivated for 30 min at 56°C. Cells were maintained in a humidified chamber with 5% CO, at 37°C. To differentiate THP-1
monocytes into MO macrophages, cells were seeded at a density of 2x10° cells/well in a 24-well plate and treated with 30 ng/mL
phorbol-12-myristat-13-acetat (PMA, P8139, Sigma-Aldrich) dissolved in dimethyl sulfoxide (DMSO, D2650, Sigma-Aldrich) for 48
hours. The medium containing PMA was then removed, and the cells were incubated in fresh medium with 1, 10, and 100 ng/mL
LPS (055:B5, L4524, Sigma-Aldrich) or sterile distilled water for 24 hours.

Magnetic bead separation and LPS stimulation of CD45" cells
Previously isolated SVF samples were separated into two fractions with CD45 microbeads according to the manufacturer’s instruc-
tions (130-045-801, Miltenyi). The cells were directly harvested for RNA isolation (74004, Qiagen), and a small fraction of CD45" cells
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was separated into maintenance media for a 24-hour stimulation with 100 ng/mL LPS (L4524, Sigma-Aldrich) or sterile distilled water
as a control.

Gene expression analysis by quantitative reverse transcription PCR
A column-based RNA isolation kit (740902.50, Macherey-Nagel) was used to isolate RNA from cells. RNA concentration was
measured with a microdrop-plate (N12391, Thermo Fisher Scientific) in a Varioskan microplate reader (Thermo Fisher Scientific).
RNA was reverse transcribed using iScript cDNA synthesis kit (1708891, Bio-Rad). Synthesized cDNA was diluted to a concentration
of 1 ng/pl and analyzed by quantitative polymerase chain reaction using SYBR chemistry (1708882, Bio-Rad). Each experiment was
performed in technical triplicate, and two housekeeping genes, 78S and B2M, were used to normalize the results for the cell line data,
whereas RPLPO was used for normalization of the isolated primary cells. Expression levels were calculated using the Livak method
(delta-delta Ct method).®” Primer sequences used were as follows:

SAAT fw: AACTATGATGCTGCCAAAAGG, rev: TGGATATTCTCTCTGGCATCG,

SAA2 fw: CTGCAGAAGTGATCAGCA, rev: ATTATATGCCATATCTCAGC,

IL6 fw: CCTGAACCTTCCAAAGATGGC, rev: TTCACCAGGCAAGTGTCCTCA,

CCL2 fw: AGAATCACCAGCAGCAAGTGTCC, rev: TCCTGAACCCACTTCTGCTTGG,

CXCL8 fw:CACTGCGCCAACACAGAAAT, rev:TTCTCAGCCCTCTTCAAAAACTTC,

PLINT fw: TGGAGACTGAGGAGAACAAG, rev: ATGTCACAGCCGAGATGG,

LEP fw: CTGTGCGGATTCTTGTGGCT, rev: GAGGAGACTGACTGCGTGTGT,

18S fw: TGACTCAACACGGGAAACC, rev: TCGCTCCACCAACTAAGAAC,

B2M fw: AAGGACTGGTCTTTCTATCTC, rev: GATCCCACTTAACTATCTTGG,

RPLPO fw: AACTCTGCATTCTCGCTTCC, rev: GGACTCGTTTGTACCCGTTG.

Western blot

Proteins were isolated from cell cultures by lysing PBS-washed cells with RIPA buffer (89901, Thermo Fischer Scientific) comple-
mented with protease and phosphatase inhibitors (11836170001 and 4906837001, respectively, Sigma-Aldrich) on ice. The lysate
was scraped and centrifuged at 14,000 rpm for 20 min at +4°C in microcentrifuge tubes. Protein concentration was determined
by using a bicinchoninic acid assay (BCA, 23235, Thermo Fisher Scientific). Proteins were reduced and denatured in Laemmli buffer
(1610747, Bio-Rad) supplemented with g-mercaptoethanol (M3148, Sigma-Aldrich), and boiled at 95°C for 5-10 min. In total, 10-
15 pg of denatured protein was loaded on 12% SDS-PAGE gels (5671045, Bio-Rad) together with a protein size marker
(1610373, Bio-Rad). In blots where the proteins of interest were the same size, lysates were subdivided into equal amounts and
loaded on two gels. The electrophoresis was performed at 90 V for approximately 1 hour, and the proteins were transferred onto
PVDF membranes using a semi-wet transfer system (TransBlot Turbo, 1704274, Bio-Rad). The membranes were blocked for
1 hour at room temperature with a 3% blocking reagent (B501-0500, Rockland Immunochemicals) or 5% BSA (A9647, Sigma-
Aldrich) in Tris-buffered Saline Tween-20 (TBS-T). Primary antibodies (anti-NFxB p65 [8242, Cell Signaling], anti-phospho-NFxB
p65 [Ser536] [3033, Cell Signaling], anti-STAT3 [9139, Cell Signaling], anti-phospho-STAT3 [Tyr705] [9145, Cell Signaling], and
anti-a-tubulin [2125, Cell Signaling]) were diluted 1:1000 in the blocking buffer and incubated at +4°C overnight before washing
3x10 min with TBS-T. Secondary antibodies (anti-rabbit-HRP [7074, Cell Signaling] and anti-mouse-HRP [W4021, Promegal)
were diluted 1:10,000 in blocking buffer, and incubations were carried out for 1 hour at room temperature. The membranes were
washed three times in TBS-T for 10 min, and chemiluminescence was detected with ECL Select reagent (RPN2235, Cytiva) using
the CFXimaging system (Bio-Rad). Protein quantification was carried out from three individual experiments using the ImagelLab soft-
ware 6.0.1 (Bio-Rad), and the results were normalized to the loading control.

SAA quantification in conditioned media
Cell culture supernatants were collected following 72-hour incubation in the presence or absence of 10 ng/mL LPS, spun at 10,000 x
g for 5 min at 4 °C. Human SAA was measured with an ELISA kit (ab100635, Abcam) according to the manufacturer’s instructions.

Stromal-vascular fraction isolation for LPS and recombinant SAA treatment

The SVF from subcutaneous adipose tissue biopsies obtained from individuals undergoing bariatric surgery was isolated after colla-
genase digestion as described previously.®® Red blood cells were removed by incubating the cells in 1X RBC lysis buffer (00-4333-
57, eBioscience) for 5 min and washing the cells in maintenance media (DMEM low glucose [31885-023, Gibco] supplemented with
2% FBS [SV30160, Hyclone], 50 IU/mL penicillin and 50 pg/mL streptomycin [15140122, Gibco]). The freshly isolated cells were incu-
bated in maintenance media with 10 pg/mL human recombinant SAA1 (TP310664, OriGene) per 100,000 cells or with an equal vol-
ume of vehicle (25 mM Tris-HCI, 100 mM glycine, pH 7.3, 10% glycerol) The recombinant protein was produced in eukaryotic cells
and confirmed not to contain endotoxins (<0.3 EU/mL measured in both treatment and vehicle solutions, data not shown). For LPS
stimulation, the cells were incubated with 1 ng/mL LPS (L4524, Sigma-Aldrich) or with an equal volume of sterile distilled water. After
6 hours at 37°C and 5% CO,, the cells were harvested, and total RNA was isolated with a column-based isolation method (74004,
Qiagen). The mRNA was sequenced at NovoGene with NovaSeq X Plus Series (PE150) to an average sequencing depth of 20
million reads.
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Bulk RNA-seq data analysis of LPS and recombinant SAA treated samples

We mapped the raw sequencing reads to the hg38 genome using STAR v2.7.2a.°° The number of reads per gene was counted using
HTseq v2.0.3%° and Gencode v43.°" Differential expression analysis was performed via DESeq2 v1.34.0.%° Low count reads (< 10)
were removed, and DESeq2 was used with the multi-factor design for conditions and subjects, and log2 fold changes were shrunk
using the normal mean posterior distribution. Normalized counts were transformed using the variance stabilizing transformation
method from DESeq?2 to facilitate clustering analysis. Gene ontology enrichment analysis was performed using clusterProfiler.
Seurat®® was used to assess gene module scores in snRNA-seq data. A gene signature corresponding to the differentially expressed
genes (DEGs, log2 fold change >1, adjusted P<0.05) from RNA-seq was applied to the snRNA-seq data using the AddModuleScore
function.

Gene set enrichment analysis
All genes ordered by log fold change were input into the gseKEGG function from clusterProfiler v4.6.2.°° Pathways were considered
significant if their false discovery rate-adjusted P value was less than 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics were performed in R v4.1.3 or GraphPad Prism v10.1.2. Differences in cell type proportions among depots were computed
by fitting a linear mixed-effects model with age, sex, and BMI as fixed covariates and donor as a random effect. Significance was
determined via likelihood ratio tests. Protein quantification results are reported as the mean + standard error of the mean (SEM)
with individual data points shown from three independent experiments, or six individual subjects, as indicated in the figure legends.
mRNA quantification results are reported as the geometric mean + 95% confidence intervals with individual data points presented
from each independent experiment. Student’s t test or one-way ANOVA with normality assumption and Dunnett’s or Bonferroni’s
multiple testing correction was used to determine the significance of the gene and protein quantification data; the test used is indi-
cated in each figure legend.
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