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Although peritumoural visceral adipose tissue (tVAT) is anatomically close
to tumours such as colorectal cancer, the immune landscape of this tissue
and its functional contribution to tumour immunity remain poorly defined.
Here, we performed single-cell RNA analysis on the tVAT from patients with
colorectal cancer to map itsimmune landscape and observed that tVAT
exhibited a highly immune-infiltrated microenvironment enriched with
lymphocytes, especially tumour-specific CD8* T cells. Mechanistically,
tVAT competes with the tumour for these immunocytes by activating

the CXCL12-CXCR4 axis to promote tumour immune escape. Moreover,
tumour-derived factors induce an adipose-mesenchymal transformation
process where the adipose stromal cells trans-differentiated into
adipose-derived cancer-associated fibroblasts, which secrete large amounts
of CXCL12 in tVAT. Clinically, targeting adipose-tumour interaction
substantially enhances diagnostic and therapeutic efficacy of anti-PD-1
therapy. These findings offer an understanding of the dynamic crosstalk
between tVAT and tumour immune escape, highlighting the tVAT asa
potential target for cancer immunotherapy.

The tumour microenvironment (TME) is acomplex and dynamic eco-
system'. Currently, there is increasing evidence suggesting that TME
plays pivotal roles in tumourigenesis, metastasis and immune evasion,
and numerous therapeutic targets within the TME have been devel-
oped’. While these studies have mostly focused on tumour-intrinsic
mechanisms, research on the peritumoural microenvironment remains
limited®. Many solid tumours, particularly those in visceral organs
such as colorectal cancer (CRC), have been shown to be closely asso-
ciated with various types of adipose tissues, including omental and
mesenteric*®, which are increasingly recognized as integral compo-
nents of the broader TME®. Therefore, itis of great theoretical and clini-
calsignificance to study the cellular heterogeneity, spatial organization

and tumour-related functional states of peritumoural visceral adipose
tissue (tVAT).

Adipose tissue is a highly dynamic, plastic and heterogeneous
organthat functionsbothasanendocrine organ and an energy-storage
depot”®, Structurally, adipose tissue consists of mature adipocytes and
astromal-vascular fraction, whichincludes fibroblasts, adipose-derived
stromal cells, immune cells, vasculature and nerve fibres’. Emerging
evidence has shown that adipocytes or adipose tissue may promote
tumour progression by supplying cancer cells with metabolites, adi-
pokines and chemokines®'", Additionally, adipose components have
been shown to contribute toimmune evasion by suppressing cytotoxic
immune cell activity and promoting the survival ofimmunosuppressive
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cells"”, Conversely, tumour cells can induce the reprogramming of
neighbouring adipocytes into cancer-associated adipocytes to sup-
port tumour expansion by supplying essential nutrients*. One study
also reported that implanting engineered browning adipocytes into
tumour-bearing models could suppress tumour growth®, Thus, eluci-
dating the crosstalk between tumour and tVAT will further expand our
understanding of the TME and antitumour immunity.

In recent years, the development of single-cell RNA sequencing
(scRNA-seq) technologies has greatly expanded our understanding of
how TME heterogeneity contributes to cancer progression. Recently,
scRNA-seq analyses have unveiled the characteristics and dynamic evolu-
tionof T cells, macrophages and dendritic cells (DCs) in CRC'* ™, Similarly,
scRNA-seqhasbeenincreasingly applied toinvestigate adipose tissuein
endocrine research. For instance, a recent study provided comprehen-
sive cellular atlases of subcutaneous and visceral white fat at single-cell
resolution across a range of body weights®. Additionally, another study
identified the subsets and developmental trajectories of adipose-resident
immune cell populations that accumulated in obese WAT®, Although CRC
issurrounded by abundantadipose tissue, the functional roles of tVAT in
tumour immune escape remain largely unknown. Notably, theimmune
landscape of tVAT has not yet been reported.

In this study, our findings not only reveal the dynamic cross-
talk between the tumour and peritumoural adipose tissue (PAT),
but also support tVAT as a potential target for improving the diag-
nostic and therapeutic efficacy of immunotherapy for patients with
visceral tumours.

Results
Single-cell RNA profiling unveils tissue-specificimmune
landscape of tVAT
Toanalyse systematically the characteristics of the peritumoural micro-
environment, we collected 36 paired CRC tissue specimens (tumour,
tVAT and distal visceral adipose tissue (dVAT)) from 12 patients as well
as two tumour samples obtained from the remaining two patients and
performed scRNA-seq analysis (Fig. 1a). We also integrated our dataset
withapreviously published CRC scRNA-seq atlas containing 56 tumours
and12peritumoural normaltissues®. All CRC patientsare in stage T4a, the
tumouris closetothe mesenteric side and has brokenthrough the serosal
layer as shown (Fig. 1a). After rigorous quality control and filtering, we
obtained 371,381 high-quality single-cell transcriptomes across four tis-
suetypes,comprising 70 tumour,12normal, 12 tVAT and 12 dVAT samples
(Fig. 1b). To define the major cell populations in the TME, graph-based
clustering was performed and 13 distinct cell subsets were identified based
on canonical marker expression (Fig. 1b and Extended DataFig.1a,b). As
expected, we observed that epithelial cells were predominantly foundin
tumour tissues, whereas plasma cells were enriched in healthy tissues.
Incontrast, neutrophils, stromal, monocytes and natural killer (NK) cells
were more abundant in both tVAT and dVAT (Fig. 1c).

To compare the cellular composition between tVAT and dVAT, we
conducted a differential abundance analysis using the Milo method*,

identifying 17,739 cell neighbourhoods, among which, 3,714 showed
marked differences in abundance (Fig. 1d). Notably, immune cells
suchasB/plasmacells, CD4"* T cellsand CD8* T cells were significantly
enriched in tVAT, whereas stromal cells were more prominent in dVAT
(Fig. 1e,f). Next, a Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis was conducted and we observed tVAT was enriched
in inflammatory signalling pathways, consistent with its increased
immune cell content (Extended Data Fig. 1c). Also, multipleximmuno-
histochemistry (mIHC) was performed, which confirmed a higher pres-
ence of scattered T cells and B cells in tVAT (Extended Data Fig. 1d). In
addition, we unexpectedly identified the presence of tertiary l[ymphoid
structures (TLSs) within tVAT (Fig.1g). Based on established classifica-
tion criteria®*, the early-stage TLSs (E-TLSs), primary follicle-like TLSs
(PFL-TLSs) and secondary follicle-like TLSs (SFL-TLSs) were all detected
inthe tVAT samples (Extended DataFig. 1e), whichindicates the poten-
tialimmunoregulatory ability of tVAT. Together, these results demon-
strate that tVAT forms a unique tumour-associated microenvironment
characterized by extensiveimmune cellinfiltration andimmune activity.

Characteristic of lymphocytes in tVAT compared with dVAT
Toinvestigate the transcriptional heterogeneity of [ymphocytes, we per-
formed unsupervised clustering on 65,148 CD4* T cells, 63,276 cytotoxic
lymphocytes and 62,816 B/plasmacells (Fig. 2a). Based on differentially
expressed genes and canonicalimmune markers (Extended Data Fig. 2a),
we identified seven transcriptional states of CD8" T cells including
naive-like (T, C1), centralmemory (T, C2-C3), effector memory (T,
C4-C5), terminal effector memory (Tgyra, C6), tissue-resident memory
(Trm, C7-C8), exhausted (T, C9) and stress-response (T, C10) sub-
sets (Fig.2a). Inaddition, we identified three types of innate cytotoxic
lymphocytes: y8T cells, NK cells and mucosal-associated invariant T
(MAIT) cells. For CD4* T and B/plasma cells, six transcriptional states
of CD4* T cells and eight transcriptional clusters of B/plasma cells
were defined based on top-ranked markers (Fig. 2a). Tissue distribu-
tion analysis revealed preferential infiltration patterns across tissues,
whereby LAG3"CD8" Ty, ZNF683*CD8" Ty, TNFRSF18*CD4* Treg and
FOXP3*CD4* Treg cells were found to be predominantly enriched in
tumour tissues, whereasin healthy tissues, IGHG2*, IGHV5* and IGLV2*
plasma cells, as well as KLRC2*CD8* T cells, were more abundant. In
both dVAT and tVAT, we observed increased infiltration of LTB*CD8* T,
GPR183*CD8* Ty, GZMH*CD8"* Teyra, TCF7*CD4* Ty, CD16* NK cells,
XCL1*NK cells and IgM~ memory B cells (Fig. 2b).

To further examine the differences between tVAT and dVAT,
differential abundance analysis was performed and revealed sig-
nificant enrichment of lymphocytes in tVAT, including TCF7*CD4*
Ty, CXCL13*CD4* Ty, GPR183*CD8* T¢y, TNFSFO*CD8* Ty,
GZMK*CDS8"* Ty, mature naive B cells, and both IgM* and IgM~
memory B cells (Fig. 2¢). Single-cell T cell receptor (scTCR) anal-
ysis revealed a higher degree of T cell receptor (TCR) clonotype
overlap between tVAT and tumour than between dVAT and tumour
(Fig. 2d and Extended Data Fig. 2b,c). In contrast, single-cell B cell

Fig. 1| Single-cell RNA profiling unveils tissue-specificimmune landscape
of tVAT. a, Study design illustrating the data analysis (left), and representative
images of surgical specimens from patients with CRC (Stage, T4a; right). b,
Uniform Manifold Approximation and Projection (UMAP) visualization showing
major cell clusters from tumour, normal, tVAT and dVAT samples derived from
patients with CRC. The cell types shown NK cells, DC, Mono (monocytes), M@
(macrophages), Neutro (neutrophils), Mast (mast cells), Endo (endothelial
cells) and Epi (epithelial cells). c, Heatmap showing the tissue preferences of
13 cell types by the Ratio of observed to expected (Ro/e) index, illustrating
preferential cell type enrichment across different tissue regions. d, UMAP
visualization of neighbourhoods (Nhoods) identified by Milo, highlighting the
differentially abundant neighbourhoods between tVAT and dVAT. Each Nhood
isrepresented as anode, coloured according to log, fold change (FC) between
tVAT (n=12) and dVAT (n =12). Non-differentially abundant neighbourhoods

(false discoveryrate > 0.1) are displayed in white. Node sizes are proportional

to the number of cells in each Nhood, with graph edges representing shared cell
quantities between adjacent neighbourhoods. e, Beeswarm plotillustrating the
distribution of adjusted log, FC in abundance of Nhoods between tVAT (n=12)
and dVAT (n=12) across all cell types. The cell types shown include majorimmune
celland stromal cell lineages. f, Boxplot comparing the relative abundance of
CD4' T cells, CD8" T cells, B cells and stromal cells between tVAT (n = 12) and dVAT
(n=12), analysed using a two-sided paired Wilcoxon test. The box hinges denote
the first and third quartiles, the median is represented by the centre line and the
whiskers encompass the full data range. Individual data points are shown as dots.
g, Representative images of hematoxylin and eosin staining (23 samples) and
mIHC staining (four samples) for TLSs in dVAT and tVAT sections from patients
with CRC.Scale bar,200 pm. Panel acreated in BioRender: Huaigiang, J. https://
biorender.com/vnv4y0b (2026).
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Fig. 2| Characteristic of lymphocytes in tVAT compared with dVAT.

a, UMAP embedding showing subsets of CD4" T cells, cytotoxic lymphocytes and
B cells across all tissue samples from patients with CRC. b, Heatmap displaying
the abundance of each lymphocyte subset across various tissues, illustrating
their distribution patterns in the TME. ¢, Boxplot comparing the abundance of
different subclusters of CD4" T cells, cytotoxic lymphocytes and B cells between
tVAT (n=12) and dVAT (n =12), analysed using the two-sided paired Wilcoxon
test.d, Heatmap showing the fraction of TCR clonotype overlap among tissue

samples and their respective tumours (left). Aboxplot comparing TCR overlap
between tVAT (n = 3) and dVAT (n = 3), analysed with a paired two-sided Student’s
t-test (right). e, UMAP visualization of 13 tumour-specific CD8" T cell subsets

in dVAT and tVAT from patients with CRC (left). Stack plot showing the relative
abundance of these 13 subsets in dVAT and tVAT (right). The data are presented as
abox-and-whisker graph (bounds of box show the first to third quartile, bottom
and top line show the minimum to maximum and central line shows the median)

forc,d.

receptor (scBCR) analysis showed no significant difference in B

cell receptor (BCR) overlap between

tVAT and dVAT with tumour

(Extended Data Fig. 2d-g). To further investigate the presence of
tumour-reactive T cells, we identified tumour-specific CD8* T cells
based on thereported approach??°. Notably, GZMK* T, cells repre-
sented a major subset of the tumour-specific CD8* T cells enriched
in tVAT (Fig. 2e). The above results revealed the unique immune

landscape of tVAT, suggesting its potential functional contribution

to tumour immunity.

tVAT competes with tumour tissue for the infiltration

lymphocytes

tVAT is located adjacent to CRC boundary and may act as an initial
immunological barrier against tumour progression” >, Based on the
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observation that tVAT shows increased infiltration of cytotoxic CD8*
Tcells, we hypothesized that tVAT might possess antitumour potential.
To investigate this hypothesis, we established a tumour-associated
adipose tissue model by implanting tumour cells adjacent to the ingui-
nal adipose tissue in mice, as previously reported*’. One week after
tumour implantation, we surgically removed approximately 0.1 g of
PAT to simulate tVAT depletion (Fig. 3a). Contrary to our expectations,
the removal of this adipose tissue resulted in a substantial reduction
intumour growth and volume (Fig. 3b,c and Extended Data Fig. 3a,b).
Also, the depletion of tVAT led to increased infiltration of CD4* and
CD8* T cells into the tumour tissue, as well as a higher proportion of
tumour antigen-specific CD8* T cells (Fig. 3d,e), suggesting that t VAT
removal enhances the antitumour immune response.

To exclude confounding effects related to altered blood supply
caused by surgical manipulation, we employed an adipocytolytic nano-
material, ATS-GNP, to chemically eliminate PAT’. Consistent with
the surgical model, removal of PAT using ATS-GNP also resulted in
reduced tumour growth (Fig. 3f and Extended Data Fig. 3c). Also, PAT
removalled to aweak tumour suppression effectinimmunodeficient
BALB/c-Nude and NSG mice (Fig. 3g-i and Extended Data Fig. 3d),
suggesting that the observed effect requires functional immune
cells. Similar results were also observed using the E0771 cell model
(Extended Data Fig. 3e,f). Based on these results, we hypothesized
that tVAT might actasacompeting ‘reservoir’ for lymphocytes, which
limits their infiltration into the tumour. To test this, we performed
a competitive study and found that mice in the PAT removal group
had significantly higher numbers of CD45.1* cells within the tumour,
especially CD45.1"CD8" tumour-specific T cells showed an increase
trend (Fig. 3j,kand Extended Data Fig. 3g). These findings support the
hypothesis that tVAT competes with the tumour forimmune cells, and
its removal relieves this competition, allowing more immune cells to
enter the tumour and exert antitumour effects.

tVAT recruits CXCR4* immune cells through CXCL12 secretion
Here, we hypothesized that differences in the stromal microenviron-
ment between tVAT and tumour tissue contribute to the competition
for immune cell recruitment. scRNA-seq and intercellular commu-
nication analysis between stromal and immune cells revealed that
the CXCL12-CXCR4 signalling axis was more active in tVAT thanin
tumour and dVAT (Fig. 4a,b). Further analysis showed that stromal
cells in tVAT were the primary source of CXCL12, whereas CXCR4 was
broadly expressed onimmune cells, particularly lymphocytes (Fig. 4¢).
Moreover, the overall expression of CXCL12 was significantly higherin
tVAT thanin tumour tissue and dVAT (Fig. 4d), indicating that tVAT may
recruit CXCR4*immune cells throughincreased CXCL12 secretion. In
addition, the low expression of CXCR?7, the alternative receptor for
CXCL12,inimmune cells suggests alimited role for the CXCL12-CXCR7
axis (Extended Data Fig. 3h).

To validate the functional role of the CXCL12-CXCR4 axis in
immune cell recruitment, we injected a CXCL12-neutralizing antibody

(anti-CXCL12) into the PAT of tumour-bearing mice (Fig. 4e). The
results demonstrated that CXCL12 neutralization substantially sup-
pressed tumour growth (Fig. 4e, f). Next, we generated Cxcl12 con-
ditional knockout mice (cKO) by injecting AAV2/9-CAG-Cre into the
PAT of Cxcl12"" mice (Extended Data Fig. 3i-1). The results showed
that tumours in the Cxcl12 cKO were significantly smaller and showed
increased infiltration of CXCR4*immune cells than those in wild-type
controls (Fig. 4g-i). A Transwell chemotaxis assay further confirmed
the strong chemotactic activity of CXCL12 toward T cells (Fig. 4j). In
addition, the competitive study showed that removal of PAT resulted
inmore CXCR4* CD45.1" immune cells infiltrating the tumour (Fig. 4k).
Together, these findings demonstrate that tVAT increases CXCL12 lev-
els, whichinturnrecruits CXCR4*immune cells, thereby limiting their
infiltration into tumour tissue and acting as acompetitive immune sink
thatreduces the availability of cytotoxic T cellsin the TME.

Tumour induces adipose mesenchymal transformation in
tVAT

To identify the cellular origin of elevated CXCL12 expression in
tVAT, we further analysed the stromal cell compartment (Fig. 5a and
Extended Data Fig. 4a). Three major cancer-associated fibroblast (CAF)
lineages were identified, including matrix CAFs (mCAFs), inflammatory
CAFs (iCAFs) and antigen-presenting CAFs (apCAFs). Besides, we also
discovered VAT-associated stromal cells, mainly adipose stromal cells
(ASCs; PI16 and CDSS5) and preadipocytes (pACs; APOD and APOE)***
(Fig. 5aand Extended DataFig. 4a). Tissue distribution analysis showed
notably differences in stromal components across diverse tissues, with
VAT-associated stromal populations, particularly accumulated ASCs
and pACs, enriched in VATs (Fig. 5b and Extended Data Fig. 4b,c). We
then characterized the precise clustering of VAT-associated stromal
cellsin VATs and identified two ASC and five pAC subclusters (Fig. 5cand
Extended DataFig. 5a). Notably, weidentified a unique fibroblastic-like
subcluster characterized by high expression of COL1A1and MDK (Fig. 5¢
and Extended Data Fig. 5b). This subcluster was markedly expanded
in tVAT, but was rarely detected in dVAT (Fig. 5d,e). Given its unique
transcriptional profile and preferential enrichment in tVAT, we des-
ignated this subpopulation as adipose-derived cancer-associated
fibroblasts (adCAFs). Further analysis revealed that adCAFs displayed
fibroblastic-like phenotypes (ACTA2, COLAI and LUM), CAF-like features
(FAPand PDGFRB) (might be precursor cells of CAF), as well as strong
secretory activity with multiple cytokines such as CXCL12, IGF1 and
MDK, etc. (Fig. 5f and Extended Data Fig. 4d).

To confirm the presence of adCAFs within tVAT in patients with
CRC, we performed mIHC staining and confirmed the localization of
adCAFswithin tVAT (Fig. 5g). We further isolated MDK*FAP*PDGFRB*
stromal cells, enriched for adCAF, from the PAT in tumour-bearing
mice (Extended DataFig. 5c). The results showed that adCAF-enriched
stromal cells exhibited a spindle-shaped, fibroblastic morphol-
ogy and showed transcriptional similarity to the adCAF cluster
(Extended Data Fig. 5d-f), as well as strong secretory activity with

Fig. 3 | tVAT competes with tumour tissue for the infiltration lymphocytes.

a, Experimental design of the PAT immune-competition model using C57BL/6)
or BALB/c mice with the removal of either PAT or contralateral inguinal adipose
tissue (control). b,c, Tumour weights of MC38-OVA (b) or CT26 (c) tumours at
day 16 of the experiment in C57BL/6) or BALB/c mice (n=5).d,e, Flow cytometry
analysis of the infiltration of T cells, CD4" T cells, CD8" T cells, and tumour-
specific CD8* T cells in MC38-OVA (d) or CT26 (e) tumours, withand without
removal of PAT (n = 5). To identify OVA-specific CD8" T cells, H-2Kb tetramers
were employed in the MC38-OVA tumour model that endogenously expresses
ovalbumin. f, Representative images of MC38 tumours (left) and tumour weights
(right) in C57BL/6) mice following removal of PAT or control, and treatment with
ATS-GNP or saline (n =5). g, Experimental design of the PAT immune-deficient
model (BALB/c-Nude or NSG) with removal of PAT. h,i, Representative images of
MC38 tumours (left) and tumour weights (right) at day 16 in C57BL/6 J,

BALB/c-Nude (h), or NSG mice (i) (n = 6).j, Schematic representation of the
strategy to detect CD45.1" cells in MC38-OVA tumours, with and without removal
of PAT or contralateral inguinal adipose tissue (control), using the CD45.2
receptor mouse model transferred with CD45.1splenocytes from CD45.1donor
mice. i.v., intravenous. k, Quantitative analysis of various types of CD45.1" cells in
MC38-OVA tumours with and without removal of PAT or control, as determined
by flow cytometry (n=>5). Datarepresent >3 independent experiments. Statistical
significance was assessed using a two-sided, unpaired Student’s ¢-test (d,e k),
one-way analysis of variance (ANOVA) with Tukey’s correction for multiple
comparisons (b,c,fright), atwo-way ANOVA with Tukey’s correction for multiple
comparisons (hright) or atwo-way ANOVA with Tukey’s correction for multiple
comparisons (i right). Graphs display mean + s.d. (b-f hi k). Panels created with
BioRender: a, g andj, Huaigiang,J. https://biorender.com/f9uacgq (2026).
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multiple cytokines such as Cxcl12, Igf1, Mdk, etc. (Fig. 5h). The inter-
cellular communication analysis revealed a stronger activation of
the CXCL12-CXCR4 axis in adCAF-immune cell interactions in
tVAT compared with dVAT (Fig. 5i), and robust protumoural effects
through the adCAF-tumour interactions of multiple growth factors
(Extended Data Fig. 5g). Consistently, adCAFs exhibited significantly
elevated Cxcl12 expression at both the messenger RNA and protein
levels (Fig. 5j and Extended Data Fig. 5h). Collectively, these findings

demonstrate that adCAFs represent a major source of CXCL12 in tVAT
and plays a central role in establishing a local immune cell reservoir
through activation of the CXCL12-CXCR4 signalling axis.

To validate our findings, we performed single-nucleus RNA
sequencing (snRNA-seq) on paired tissues from five patients with
CRC to overcome the technical limitations of scRNA-seq in cap-
turing mature adipocytes (Extended Data Fig. 6a,b). Subcluster-
ing of mature adipocytes identified six major subpopulations and
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Fig. 4 | tVAT recruits CXCR4* immune cells through CXCL12 secretion.

a, Cell-cell communication analysis based on ligand-receptor interactions
(top six) between stromal cells and lymphocytes in tVAT (left) and acomparison
between tVAT, dVAT and tumour (right). b, Marked CXCL12-CXCR4 interactions
among CD8' T cells, CD4" T cells, B cells, plasma cells and stromal cell
populationsin tVAT, dVAT and tumour. The width of the lines represents the
probability of communication. ¢, Violin plots showing the expression of CXCL12
(top) and CXCR4 (bottom) across all cell types in patients with CRC. d, Violin
plots comparing the expression of CXCL12 in dVAT versus tVAT (top) and tumour
versus tVAT (bottom) in patients with CRC, analysed using a two-sided Wilcoxon
test. e, Experimental design for the PAT C57BL/6) mouse model treated with

IgG or anti-CXCL12 antibody (left), and representative MC38 tumour images

at day 16 of the experiment (right) (n = 5). f, Tumour growth (left) and tumour
weights (right) of MC38 tumours at day 16 of the experiment in C57BL/6) mice
(n=35).g, Representative MC38 tumour images (left) and tumour growth

(right) of experiments in control and Cxcl12"" cKO mice (n = 6). h, Tumour
weights of MC38 tumoursin control and Cxcl12"" cKO mice at day 16 of the
experiment (n = 6).1i, Flow cytometry analysis of the infiltration of various
CXCR4"immune cells in MC38 tumours in Control and Cxc/12"" cKO mice (n = 6).
Jj, Schematic diagram of the chemotaxis assay using T cells as ‘sensors’and
conditional medium as a ‘sink’ (left), and the aggregated trajectories of control
or CXCL12-induced T cells migrating for 1 h (right). k, Quantitative analysis of
CXCR4"CD45.1' T cells in MC38 tumours with and without removal of PAT or
contralateral inguinal adipose tissue (control) by flow cytometry (n = 5). Data
represent >3 independent experiments. Statistical significance was assessed by
atwo-sided permutation test (a), two-sided unpaired Student’s t-test (fright,
handi), one-way analysis of variance (ANOVA) with Tukey’s correction for
multiple comparisons (k right) or two-way ANOVA (fleft and g right). Graphs
display mean + s.d. (f-i,k). Panels created with BioRender: e and k, Huaigiang, J.
https://biorender.com/ovq2e39 (2026).

revealed a notably high abundance of the SCD + AC subgroup in tVAT
(Extended DataFig. 6¢c-e). However, our snRNA-seq datarevealed that
mature adipocytes themselves show minimal CXCL12 expression and
donotsignificantly rely on CXCL12-CXCR#4 axis forimmune cell recruit-
ment (Extended DataFig. 6f,g), indicating that the dominant source of
CXCL12-mediated immune recruitment originates fromadCAFsrather
than mature adipocytes. Further subclustering of VAT-associated stro-
mal cells confirmed that adCAFs are specifically and highly enriched
intVAT and exhibit co-expression patterns characteristic of both CAFs
and ASCs/pACs (Extended Data Fig. 6h-k), consistent with our initial
scRNA-seq findings.

Tumour-derived factors induce ASC to differentiate into
adCAF

The high abundance of adCAFs in tVAT suggests that tumour-derived
factors may play aroleintheir formation. To explore this, we performed
cell trajectory analyses via Monocle 3 (Fig. 6a,b). The results showed
that ASCs predominantly differentiated into pACs**, with only a small
fraction transitioning into adCAFs in dVAT. In contrast, ASCs in tVAT
predominantly differentiated into adCAFs rather than pACs (Fig. 6a),
indicating that the tumour environment drives ashiftinstromal cell fate
near the tumour site. We also validated the developmental trajectories
using another model via Monocle2, which also revealed a predomi-
nant differentiating potential of ASCs into adCAFs rather than pACs
in tVAT (Fig. 6¢-e). This shift in differentiation was accompanied by
altered transcriptional regulation, with increased activity of transcrip-
tion factors such as STAT2, TWIST1, CREB3L1, MXD4 and SNAI1, which
are likely involved in promoting the adCAF phenotype (Fig. 6f,g). To
further evaluate whether tumour-derived factors can induce the dif-
ferentiation of ASCs into adCAF, we established the tumour-derived
conditioned medium (CM) assay and performed in vitro validations
(Extended Data Fig. 7a). Compared with the control group, mouse
ASCs exposed to CM underwent a distinct morphological transition
toward a fibroblast-like phenotype, followed by upregulation of

adCAF-specific markers, transcription factors and signalling path-
ways associated with adCAFs (Fig. 6h-j and Extended Data Fig. 7b).
In addition, adCAF-specific markers and transcription factors were
elevated in peritumoural versus contralateral adipose tissue in MC38
tumour-bearing mice (Extended DataFig. 7c,d). These results indicate
that soluble factors secreted by tumour cells may induce adCAF dif-
ferentiation in a paracrine manner.

Toidentify the key tumour-derived signalling pathways involved,
we performed KEGG pathway analysis onsorted adCAF and non-adCAF
populations and observed significant enrichment of the TGF-f3 signal-
ling pathway in adCAF, suggesting its potential role in driving their
formation (Fig. 6k). ELISA further confirmed that TGF-f1levels were sig-
nificantly elevated in supernatants from MC38-derived tumours com-
pared with those from normalintestinal tissue (Extended Data Fig. 7e).
Tovalidate therole of TGF-Blininducing adCAF, we stimulated mASCs
in vitro with recombinant murine TGF-p1 and found that this treat-
ment resulted in a pronounced fibroblast-like morphological
change and a significant increase in the expression of adCAF mark-
ers (Extended Data Fig. 7f,g). Taken together, these findings indicate
that tumour-derived TGF-f1is a key driver of ASC differentiation into
adCAFs within the tumour-associated adipose microenvironment.

Clinical significance of the tumour-adipose tissue crosstalk

Given that we had established the role of adCAFs in competitively
recruitingimmune cells to tVAT, we hypothesized that targeting adCAFs
couldreduceimmune cell sequestrationin tVAT, enhancing the efficacy
of immune-checkpoint blockade (ICB). To test this, we constructed
Mdk®™ mice to specifically eliminate the majority of adCAFs in the PAT
(Fig. 7a and Extended Data Fig. 8a,b), based on the high expression of
the MDK inadCAFs. Theresults demonstrated that Mdk® adCAF deple-
tion substantially enhanced the therapeutic effects of anti-PD-1, as
evidenced by thereduced tumour burdenandincreased infiltration of
immune cells, including CXCR4* or tumour antigen-specificimmune
subsets within the tumour (Fig. 7a-d). These findings further support

Fig. 5| Tumours induce adipose mesenchymal transformationin tVAT.

a, UMAP of all stromal cells in tVAT, dVAT, tumour and normal from patients with
CRC, with ten clusters labelled by inferred cell types. Major lineages included
ASCs, pACs, CAFs, pericytes (PCs) and mesothelial cells (Mesos). b, Heatmap
displaying the distribution of eight stromal cell subtypes across different tissue
types. ¢, UMAP of eight subsets of VAT-associated stromal cells in tVAT and dVAT
from patients with CRC, including ASCs, pACs and adCAFs. d, Beeswarm plot
showing the distribution and abundance of VAT-associated stromal cell types in
Nhoods between tVAT and dVAT. e, Stack plot displaying the abundance of the
eight VAT-associated stromal cell subsets in dVAT and tVAT. f, Heatmap showing
the RNA expression of various marker genes in VAT-associated stromal cell types,
including ASC/pAC markers, CAF markers, cytokines and stromal markers.

g, Representative multipleximmunofluorescence images showing the presence
of adCAFsin tVAT samples from patients with CRC. Scale bar, 10 um. DAPI,

4,6-diamidino-2-phenylindole. h, Relative expression levels of multiple cytokines
and protumoural factors in adCAF-enriched stromal cells (n = 4) and non-adCAF
stromal cells (n =4) derived from the PAT of mice xenograft models. The dataare
presented as abox-and-whisker graph (bounds of box show first to third quartile,
bottom and top line show minimum to maximum and the central line shows the
median). i, Cell-cell communication analysis based on ligand-receptor pairs
(top six) between adCAFs and lymphocytes in tVAT (left) and acomparison
between tVAT and dVAT (right).j, RT-qPCR (left) and ELISA (right) detecting

the RNA expression and protein secretion of CXCL12 in sorted adCAF-enriched
stromal cells and non-adCAF stromal cells from PAT of mice. Data represent

>3 independent experiments. All data are shown as mean + s.d. and statistical
significance was assessed by a two-sided, unpaired Wilcoxon test (h), two-sided
permutation test (i) and Student’s ¢-test (j).
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therole of adCAFs in diverting immune cells away from the tumour, CXCL12 by local injection and observed the combination ther-
thereby highlight the therapeutic potential of targeting adCAFsto  apy exhibited a synergistic antitumour effect as evidenced by
enhance the efficacy ofimmunotherapy in tVAT-associated tumours. reduced tumour growth and increased immune cell infiltration

To further explore the therapeutic and diagnostic signifi- (Fig. 7e,f and Extended Data Fig. 8d-f). Additionally, we observed
cance of adipose-tumour crosstalk, we evaluated the thera- that combining AMD3100 (the small-molecule CXCR4 antago-
peutic effects of anti-CXCL12 in combination with anti-PD-1in nist) with anti-PD-1 substantially enhanced tumour suppression
MC38 tumours (Extended Data Fig. 8c). We blocked PAT-derived compared with either monotherapy (Extended Data Fig. 9a-d)*.
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Fig. 6| Tumour-derived factors induce ASC to differentiate into adCAF.

a, Cell trajectories (top) and cell abundance (bottom) of ASC-derived pAC and
ASC-derived adCAFsinferred by Monocle3, with cell trajectories in dVAT (left)
and tVAT (right). The pseudotime colour code is shownin the right box.

b, Dynamic changes in the expression of several marker genes over time in dVAT
(left) and tVAT (right) by monocle3 pseudotime. ¢, Pseudotime (top) and cell
trajectories (bottom) of ASC-derived pAC and ASC-derived adCAFs inferred
by Monocle2. The pseudotime colour code is shown in the right box. d, Cell
trajectories in dVAT (top) and tVAT (bottom) of ASC-derived pAC and ASC-
derived adCAFsinferred by Monocle2. e, Dynamic changes in the expression
of several marker genes over time in pAC markers (left) and adCAF markers
(right) by monocle2 pseudotime. f, Dot plot showing the inferred differential

transcription factor (TF) activities in ASC, pAC and adCAF. g, Dynamic changes
ininferred activities and RNA expression levels of TFs in ASC, pAC, and adCAF.
h, Representative images of the morphology of mASCs treated with MC38
tumour-derived CM from MC38-derived tumour tissues for 72 h. Scale bar,
100 um. i, RT-qPCR detecting the RNA expression of adCAF-associated genes
(top) and TFs (bottom) in mASCs treated with CM. j, Bar chart of KEGG pathway
enrichment analysis showing differentially enriched signalling pathways in
mASCs treated with tumour CM. (k) Bar chart of KEGG pathway enrichment
analysis showing differentially enriched signalling pathways between
adCAF-enriched stromal cells and non-adCAF stromal cells. Data represent

>3 independent experiments. All data are shown as mean + s.d. and statistical
significance was assessed by a two-sided, unpaired Student’s ¢-test (i).

To fully simulate the impact of visceral fat on immune infiltration
in tumours, we established a caecal orthotopic CRC model. In this
setting, both AMD3100 (Extended Data Fig. 9e-g) and anti-CXCL12
(Extended DataFig. 9h-1) potently synergized with anti-PD-1therapy,
leading to significantly enhanced antitumour immunity compared
with monotherapy regimens.

Furthermore, we analysed a cohort of 67 patients with locally
advanced CRC (a well-established tVAT-associated malignancy)
treated with neoadjuvantimmuno-chemoradiotherapy at our institute
(Supplementary Table 1). Notably, patients who achieved complete
response (CR) exhibited significantly smaller tVAT area compared
with non-CR patients (Fig. 7g,h). Imaging assessment of tVAT area may
serveasa predictive biomarker forimmuneresponsein CRC achieving
anareaunder the curve of 0.887 in all patients, as well as competitive
predictive power in both T3 and T4 stage patients. It demonstrates
superior predictive performance compared with conventional his-
topathological metrics such as combined positive score (CPS) and
tumour proportionscore (TPS) (Fig. 7i and Extended DataFig. 8g,h).In
patients with greater tVAT area, the ICBresponse rate decreased sharply
from 88.5%t017.1%, further supporting tVAT elimination asa promising
strategy toimprove ICB efficiency (Fig. 7j). As illustrated in Fig. 7k, we
proposed a working model of how PAT drives immune evasion in CRC
viaadipose-mesenchymal transformation.

Discussion

Recent research by our team focuses on how TME remodelling pro-
motesimmune escape of gastrointestinal tumours®~%, Furthermore,
this study provides acomprehensive analysis of tVAT in CRC and uncov-
ers ahigh-resolutionlandscape and a previously unrecognized role of
tVAT in shaping the immune macroenvironment. The spatial proxim-
ity between tumours and tVAT suggests that adipose tissue may play
rolesin tumour progression through paracrine signalling or metabolic
crosstalk’®®. Indeed, most studies have focused on how adipose tissue
oradipocytes promote tumour growth and metastasis*>*'. Despite the
growinginterestintheinteractions betweentumoursand tVAT, only a

limited number of studies have explored their bidirectional regulatory
relationship. One such study showed that renal carcinoma induces
the browning remodelling of tVAT and further promoted tumours
by releasing lactate into the TME'™. Our study revealed a previously
unrecognized mechanism ofimmune diversion, expanding the concept
of effector immune cell deployment*. This mechanism also partially
explains why CRCs tend to form animmune-excluded TME and gener-
ally exhibit poor responses to ICB*.

VAT-associated factors promote tumour immune evasion through
both physical and biochemical mechanisms****¢, and we identified a
role of PAT in this process via CXCL12 secretion. The CXCL12-CXCR4
axis serves as a central mediator of tumour progression by contribut-
ing to metastasis, angiogenesis and immunosuppression within the
TME**8, Tumours, as the epicentre of inflammatory responses, recruit
large numbers of immune cells through systemic circulation and sur-
rounding tissues*. In this study, we found that tVAT competitively
recruits functionally diverse CD8" T cells through the CXCL12-CXCR4
axis. This observation expands our understanding of immune cell
exclusion mechanismsin tumours*>*'. Moreover, the reported expres-
sion of CXCR4 on tumour cells may explain why tumours ofteninvade
the adipose tissue boundaries or exhibit skip metastases in peritu-
moural regions®’. While previous studies and trials have validated the
therapeutic relevance of CXCL12 in CRC>***, our work demonstrates
thatits pivotal roleis specifically mediated by adipose-tumour cross-
talk, thus elucidating the underlying mechanism.

The previously uncharacterized adCAFs arise in response to
tumour-derived TGF-f1, aligning with established views on the role
of TGF-B1inmodulating stromal cells within the TME>*°, Furthermore,
this aligns with previous findings showing that adipose tissue adjacent
to tumour lesions exhibits greater fibrosis compared with regions
distant frominvasive tumour cells”. Building upon previous evidence
foradipose-derived CXCL12 (refs. 58,59), our study defines adCAFs as
thekey cellular mediator within the peritumoural niche, providing its
precise cellular identity. The coexistence of intratumoural CAFs and
peritumoural adCAFs suggests a dynamic, multilayered process of

Fig. 7| Clinical significance of the tumour-adipose tissue crosstalk.

a, Experimental design for constructing Control and Mdk"™ cKO mice bearing
MC38 tumours near PAT, followed by aPD-1therapy. b,c, Representative MC38
tumour images (b), tumour weights (c left) and tumour growth (c right) in control
and Mdk®™ cKO mice treated with IgG or anti-PD-1(n = 6). d, Flow cytometry
analysis of the infiltration of immunocytes, including T cells, CD4" T cells, CD8"
T cells, and tumour-specific CD8" T cells, CXCR4" immunocytes, CXCR4" T cell,
CXCR4'CD4" T cell, CXCR4" CD8" T cell and CXCR4" tumour-specific T cell in
MC38-0VA tumours from the four treatment groups (n = 6). e,f, Representative
MC38 tumour images (e) and tumour weights (f) of the experiment in mice
treated with anti-CXCL12 and/or anti-PD-1(n = 5). g, Representative MRlimage
of CRC tumour and corresponding tVAT area region of CR and non-CR patients
pre-and post-immuno-chemoradiotherapy. The yellow area represents the
tVAT area, whereas the red area denotes the tumour region. Note that the mass
visible in the intestinal lumen (top right) is faecal material. h, Pre-treatment
tVAT area difference based on 3D Slicer between CR (n =30) and non-CR (n=37)

patients. The data are presented as a box-and-whisker graph (bounds of box
show first to third quartile, bottom and top line show minimum to maximumand
the central line shows the median). i, ROC plot of response predicting ability of
pre-treatment PAT area inimmuno-chemoradiotherapy of proficient mismatch
repair patients with CRC, compared with conventionalindexes, including CPS,
TPS, CEA and CA199 (n = 67) with optimal cutoff. j, Comparison of pCRratio in
tVAT high and low group according to the optimal cutoff. k, Graphical abstract
depicting how tumours reshape the stromal environment in tVAT and how tVAT
competes forimmunocytes from the tumour to promote immune escape. Data
represent >3 independent experiments. Statistical significance was assessed
using a two-sided, unpaired Student’s ¢-test (d,h), one-way ANOVA with Tukey’s
correction for multiple comparisons (c left, f) or two-way ANOVA with Tukey’s
correction for multiple comparisons (c right). Graphs display mean + s.d.

(c,d,f h). Panels created with BioRender: aand k, Huaiqiang, J. https://biorender.
com/e5jwcye (2026).
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T cell exclusion: CAFs may initially expel T cells from the tumour core,
whereas adCAFs further sequester them within adjacent adipose tissue,
reinforcingimmune evasion®*®, Collectively, these findings establish
the adCAF-CXCL12-CXCR4 axis as a key regulator ofimmune cell dis-
tribution and substantially advance our understanding of the tumour
and PAT interaction network.

Several studies have demonstrated that the density of PAT is
strongly associated with tumour progression in breast, colorectal
and renal cancer®®*, withits radiological features serving as clinically
valuable indicators for assessment and prediction. Consistently, our
study indicated thatimaging assessment of PAT may serve as a predic-
tive biomarker forimmune response in patients with visceral tumours.
Targeting the CXCL12-CXCR4 axis has been proven to enhance the
efficacy of tumour immunity in multiple types of cancer® . Building
onthis, our study alsoindicated that targeting the ad CAF-CXCLI12 axis
further enhanced responses to PD-1therapy. The proximity of visceral
tumoursto adipose tissues further highlights the therapeutic potential
of targeting the adCAF-CXCL12 axis. Our team has also previously
explored clinical intervention strategies targeting different stages of
the immune cycle to enhance immune efficacy of CRC***, Clinically,
these results further emphasize the importance of considering the
TME beyond the tumour core, incorporating adjacent non-tumoural
structures such asadipose tissue, to evaluate theimmunoefficacy and
explore the strategy ofimmunotherapies.

Inconclusion, this study offers amajor breakthroughin our under-
standing of the dynamic crosstalk between tumour and adipose tissues.
Moreover, targeting adipose-tumour interaction holds promise for
enhancing diagnostic and therapeutic efficacy ofimmunotherapy for
patients with visceral tumours.

Online content
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Methods

Ethical approval

All samples were collected from patients with informed consent,
and informed consent for publication was obtained from all partici-
pants. Allrelated procedures were performed with the approval of the
Medical Ethics Committee of Sun Yat-sen University Cancer Center
(SYSUCC; (B2024-759-01). Animal experiments were approved by the
Institutional Animal Care and Use Committee of Sun Yat-Sen Univer-
sity (L025504202205013). This study was performed according to
the Declaration of Helsinki. The maximum permitted tumour volume
was set at 2,000 mm? or 20% of the animal’s body weight, whichever
threshold was reached earlier. Throughout the study, all observed
tumours remained below these approved limits. In compliance with
institutional protocols, any animal that met predefined humane end
points was promptly killed, and all surviving mice were humanely killed
at the study conclusion.

Tissue specimens

The CRCtissue specimens (n = 38 paired samples), including primary
tumour, adjacent visceral adipose tissue (tVAT, <2 cm) and dVAT
(>10 cm), were collected from SYSUCC for omics analysis or experi-
mental verification. All samples were collected from patients with
informed consent, and all related procedures were performed with the
approval of the Medical Ethics Committee of SYSUCC (B2024-759-01).
Patients were recruited with no perceived bias, and were not treated
with adjuvant radiotherapy or chemotherapy before their operation.

scRNA-seq data generation

Fresh tissue specimens were dissected into approximately 1-2-mm?
pieces and enzymatically digested with adipose or a Tumour Tissue
Dissociation kit, respectively (Miltenyi) onarotor at 37 °C for 40 min.
Dissociated cells were subsequently filtered through a 40-pum cell
strainer and then centrifuged at 450gfor 5 min. After removal of super-
natant, the pelleted cells were suspended in red blood cell lysis buffer
Hybri-Max (Sigma-Aldrich) and incubated on ice for 3-5 min to lyse
red blood cells. After washing twice with 1x phosphate-buffered saline
(PBS), the cells were resuspended in FACS buffer (PBS supplemented
with 2% fetal bovine serum (FBS)). Given the sensitivity of primary
cellsto prolonged processing, we prioritized rapid library preparation
without live/dead cell separation to preserve transcriptomic integrity.
The concentration of single-cell suspensions was adjusted to approxi-
mately1,000 cells per pl as determined by hemacytometer. Cells were
capturedindropletsand thenunderwent reverse transcriptionand cell
barcodingindroplets. Emulsions were disrupted and complementary
DNA purified followed by PCR amplification. According to the manu-
facturer’sinstructions, the amplified cDNA was utilized for construct-
ing the 10x Chromium Single-cell 3’ library. For the samples used for
TCR/BCR enrichment, the amplified cDNA was utilized to construct
both the 10x Chromium Single-cell 5’ library and the human variable,
diversity and joining (VD)) library (10x Genomics) for gene expression
library construction and TCR/BCR enrichment. The purified libraries
were analysed by an Illumina Novaseq 6000 sequencer with 150-bp
paired-end reads (Beijing CapitalBio Technology).

scRNA-seq data aggregation, processing and clustering

The scRNA-seq data derived from four distinct tissue types (tVAT,
dVAT, normal and tumour) were aligned and quantified with the Cell
Ranger (v.4.0) program using the GRCh38 human reference genome.
Preliminary filtered data generated from Cell Ranger were used
for downstream analysis. Quality control was applied to filter out
low-quality cells with either (1) <500 or >8,000 expressed genes or (2)
>20% mitochondrial genes. Besides, droplets containing two or more
cellswerefiltered using the DoubletFinder program. For the integrated
analysis of single-cell samples with Seurat tool (v.4.1.1), the Integrate-
Datafunctionwas used to combine allindividual sample datasetsinto

asingle integrated dataset. Each dataset underwent normalization,
feature selection and data correction, and robust principal-component
analysis (PCA)-based integration was performed to remove batch
effects. Then, the single-cell data were processed following the Seurat
standard protocol. The FindVariableFeatures method was employed
to identify the top 3,000 differentially expressed genes, which were
utilized as hypervariable genes for subsequent studies. This dataset
was dimension-reduced using PCA with highly variable features, and
thefirst15 principal components were selected for subsequent analysis.
Unsupervised clustering was performed using the FindNeighbors and
FindClusters functions based on the edge weights between any two
cells and the shared nearest neighbour graph generated by the Louvain
algorithm. The detected cell clusters were visualized using ¢-distributed
stochastic neighbour embedding (¢-SNE) and Uniform Manifold
Approximation and Projection. Highly differentially expressed genes
and canonical markers were used for the annotation of unsupervised
clusters. After rough clustering and annotation, more refined cluster-
ingand annotation were performed for each major cell lineage, such as
lymphocytes, myeloid cells and stromal cellsin four CRC tissue types,
including tVAT.Finally, the refined annotation information was further
annotated onto the whole dataset to generate a curated annotation.

scTCR/BCR-seq data processing

The TCR and BCR sequence data corresponding to CRC tissues (tVAT,
dVAT and tumour) from 10x Genomics were processed using Cell
Ranger software (v.4.0) with the manufacturer-supplied human VD]
reference genome. For each sample, the output file filtered_contig_
annotations.csv, containing TCR a/p-chain CDR3 nucleotide sequences
and BCRlight/heavy chain CDR3 nucleotide sequences, was applied to
downstream analysis via the scRepertoire package (v.1.8.0)7°. Only the
assembled chains that were productive, highly confident, full length,
with avalid cell barcode and an unambiguous chaintype (for example,
«) assignment were retained. For each patient, cells with an identical
TCRo/B-chain pair or BCR light/heavy chain were considered as having
originated from the same clonotype and were therefore identified as
clonal cells. Subsequently, TCR data were matched to the single-cell
atlasof CD4"and CD8" T cells to explore the distribution of TCR across
tVAT, dVAT and tumour. T cells containing TCRs shared with those
within tumours were defined as tumour-antigen-specific T cells.

Cell-cell communication interactions analysis based on
ligand-receptor pairs

To evaluate the potential interaction relationship between immune
cells and various cellular components in the stroma of tVAT, we used
the CellChat program (v.2.1) to analyse cell-cell interactions. The raw
count matrix and the corresponding cell-type annotations exported
fromthe Seurat object were used asinput. The underlying interaction
strength between ligand and receptor was predicted according to their
average expression. Subsequently, crucial ligand-receptor pairs were
extracted for presentation and analysis.

Single-cell trajectory analysis

We used the Monocle2 algorithm (v.2.18.0) and Monocle3 algorithm
(v.1.3.1) with default parameters to infer the interconversion and evo-
lutionary path between individual cells in the adipocyte-associated
stromal cell subpopulations to study the plasticity and dynamic dif-
ferentiation process of each cell subpopulation of the same origin.
Specifically, toreflect the intrinsic physiological properties of cells, we
chose to use an unsupervised approach and employed the raw count
matrix of single-cell data.

RNA-seq

Cellswere digested with trypsin and washed with PBS, and RNA was sub-
sequently extracted using the TRIzol method. Transcriptome sequenc-
ing was performed using the Illumina platform. Gene expression
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(counts and fragments per kilobase million) was quantified using the
GRCh38 (hg38) p13 reference genome with Gencode v.32 annotation.
Read alignment was performed with STAR, followed by transcript
abundance estimation via RSEM. Functional enrichment analysis
was performed using clusterProfiler (v.4.0) with default parameters,
referencing Gene Ontology (GO) and KEGG gene sets. Input genes
consisted of differentially expressed genes between cell subsets or
experimental groups. For signature evaluationin both single-celland
bulk transcriptome datasets, we applied the single sample gene set vari-
ationanalysis (ssGSVA) algorithm (v.1.14.1), whichis anonparametric,
unsupervised method.

Cell culture

MC38, CT26 and EO771 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco) supplemented with 10% FBS and 1%
penicillin-streptomycin. The MC38 cell line was kindly provided by
W. Yang (Guangdong Provincial People’s Hospital). CT26 and E0771
cellswere purchased from the American Type Culture Collection. The
mouse ASCs were purchased from IMMOCELL and cultured in specific
medium specified by the supplier. All cellswereincubated in 5% CO, at
37 °Cinahumidified incubator. To prepare conditional medium (CM)
from primary tumour and healthy intestine tissue, the tissues were
cultured in DMEM supplemented with 1% penicillin-streptomycin.
After 72 h, the supernatants were collected and centrifuged, and then
were passed through 0.22-um filters and stored at —80 °C for use.
All cells were negatively tested for mycoplasma contamination and
authenticated based onshorttandemrepeat fingerprinting before use.

Animal studies

Six-week-old C57BL/6) mice (strain no. 219), BALB/c mice (strain no.
211), BALB/c-Nude mice (strain no. 401) or NOD.SCID yc-deficient
(NSG) mice (strain no. 408) were purchased from Beijing Vital River
Laboratories. CD45.1(C57BL/6)Gpt-Ptprcem1Cin(p.K302E)/Gpt) mice
(strainno. T054816), Mdk-GFP (Mdk-P2A-EGFP Cas9-KI) mice, Mdk"™
(Mdk-LSL-P2A-DTR) mice and Cxcl12"" (C57BL/6)Gpt-Cxcl12em1C-
flox/Gpt) mice (strain no. T008662) were generated by Gemphar-
matech. Genetically engineered mice were from in-house matings.
All mice were housed under specific-pathogen-free conditions in a
temperature-controlled facility witha12-h light-dark cycle. Standard
rodent chow and water were provided ad libitum. All related protocols
were approved by the Institutional Animal Care and Use Committee of
Sun Yat-Sen University.

Antibodies

The following antibodies were used: anti-human CD3 (ZM-0417,
ZSGB-BIO, 1:500), CD20 (ab-78237, Abcam, 1:200), CD21 (ZM-0040,
ZSGB-BIO, 1:50), CD23 (ZA-0516, ZSGB-BIO, 1:200), Ki67 (ZM-0166,
ZSGB-BIO, 1:100), PANCK (ZM-0069, ZSGB-BIO, 1:100); anti-FAP (66562,
Cell Signalling Technology, 1:200), anti-PDGFRB (3169S, Cell Signal-
ling Technology, 1:200), anti-MDK (11009-1-AP, Proteintech, 1:200);
anti-mouse CD45-APC-Fire750 (103154, BioLegend, 1:100), CD31-PC5.5
(102420, BioLegend, 1:100), FAP-AF647 (FAB9727R, R&D Systems,
1:100), PDGFRB-PE (12-1402-81, eBioscience, 1:50), MDK-PE-Cy7 (San-
you Bio, 1:200), CD45-APC-Cy7 (103116, BioLegend, 1:100), CD3-FITC
(100204, BioLegend, 1:100), CD4-PE-Dazzle594 (100456, BioLegend,
1:100), CD8-PC5.5 (100734, BioLegend, 1:50), CXCR4-APC (146508,
BiolLegend, 1:50), CD45.1-BV510 (110741, BioLegend, 1:100); anti-mouse
B-tubulin (TA-10, ZSGB-BIO, 1:1,000), CXCL12 (35308, Cell Signalling
Technology, 1:1,000); and H-2Kb OVA Tetramer-PE (TS-5001-1C, MBL,
1:20). Secondary antibodies were Alexa Fluor 488-goat anti-mouse
(A0428, Beyotime, 1:100), Alexa Fluor 647-goat anti-rabbit (A0468,
Beyotime, 1:100), HRP-goat anti-mouse (ZB-2305, ZSGB-BIO, 1:100)
and HRP-goat anti-rabbit (ZB-2301, ZSGB-BIO, 1:100). Functional
antibodies were CXCL12-neutralizing antibody (MABC184, Merck
Millipore), anti-mouse PD-1 (BE0Q146, Bio X Cell), anti-mouse CD3¢

(100340, BioLegend, 2.5 pug ml™) and anti-mouse CD28 (102116, Bio-
Legend,1pgml™).

T cell co-stimulation assay

AT cell co-stimulation assay was conducted as previously described™.
T cells were isolated from the spleens of C57BL/6) mice and then
co-stimulated. Splenocytes were cultured in RPMI-1640 supple-
mented with 10% FBS, 1% penicillin-streptomycin, 10 ng ml™ recom-
binant mouse IL-2 (PeproTech) and 100 mM (3-mercaptoethanol
(Sigma-Aldrich). For T cell co-stimulation, splenocytes were treated
with 2.5 pg ml™ anti-CD3e monoclonal antibody (BioLegend) and
1pg ml™ anti-CD28 monoclonal antibody (BioLegend) for 2-3 days.

IB, IF and mIHC staining

Immunoblot (IB) and immunofluorescent (IF) staining were performed
according to the standard procedure as previously reported*”’% To
validate the existence of TLSs or adCAFs in tVAT, mIHC staining was
performed on the remaining biopsy sections of patients with CRC.
Tyramide signal amplification (TSA) was applied to enhance the signal,
and seven-colour or four-colour AlphaTSA Multiplex IHCKkit (Alpha X
Biotech) was used as reported previously according to the manufac-
turer’s protocol”>”. Inbrief, endogenous peroxidase in the rehydrated
sections was inactivated by incubation in 3% H,0, in methanol for
10 min at room temperature. Later, antigen retrieval was performed
on them with a microwave heating method following routine meth-
ods. After being blocked with 10% normal goat serum (Absin) to block
nonspecificsites, the sections were incubated with one of the primary
antibodies for1hat37 °Candincubated with the secondary antibody
for 10 min at 37 °C. Later, the sections were labelled with correspond-
ing TSA dye for 5 min at room temperature with full light protection.
After completing the above-mentioned round of staining, the sections
re-enter the cycle of antigen retrieval-blocking-staining until all the
primary antibodies’ staining was finished. Finally, the samples were
mounted in anti-fluorescence quenching mounting medium that con-
tains 4,6-diamidino-2-phenylindole (DAPI).

Forthevalidation of TLS, a panel of anti-human antibodies (Panel 1)
was used, including anti-CD3, anti-CD20, anti-CD21, anti-CD23,
anti-Ki67 and anti-PANCK. The staining procedure was performed by
AlphaPainter X30 Multi-target Pathological Staining Machine (Alpha X
Biotech), using human tonsil sections as positive controls. Multispec-
tral images were scanned with a Zeiss Axioscan7 whole-slide imaging
system (Carl Zeiss), and visualized using ZEN v.3.3 software (Carl Zeiss)
todistinguish TLS, B cells, T cells, germinal centre (GC) B cells and fol-
licular DCs (FDCs). For the validation of adCAF, a panel of anti-human
antibodies (Panel 2), including anti-FAP, anti-PDGFRB and anti-MDK
was used. The staining procedure was performed manually and the
multispectral images were acquired by a digital pathology section
scanner (KFBIO, KF-PRO-020).

ATS-GNP synthesis

For reducing peritumoural fat specifically and avoiding damaging
blood vessels, ATS-GNP was used to replace the surgical elimination
of PAT. As adipocytolytic polymer nanoparticles, ATS-GNP can be
selectively absorbed by adipocytes and generate carbon dioxide gas
within late endosomes/lysosomes to induce adipocytolysis, leading
to the decrease in the number of adipocytes. ATS-GNP were synthe-
sized as reported previously according to the custom protocol®. In
brief, nanoparticles were prepared with a calcium carbonate (CaCO,)
(Sigma-Aldrich) core and a poly (D,L-lactide-co-glycolide) (PLG) (Lac-
tel Absorbable Polymers) shell via a certain method, thus produc-
ing gas-generating nanoparticles (GNPs). Later, adipocyte-targeting
sequence (ATS; CKGGRAKDC) peptide (Peptron) was covalently con-
jugated to the surface of these nanoparticles using a carbodiimide
reaction. Thisreaction occurred between the carboxylgroup of ATSand
theamino group of the ethylenediamine-modified PLG nanoparticles,
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thus obtaining ATS-GNP. GNP was regarded as a control to evaluate the
efficacy of ATS-GNP.

RNA isolation and qPCR analysis

TRIzol Reagent (Thermo Fisher Scientific) or RNA Quick Purification Kit
(ESscience) was used to extract RNA from tissues and cells according
to the manufacturer’s instructions. Next, Prime Script RT Master Mix
kit (Takara) was used to synthesize complementary DNA, which then
served as a template for real-time PCR using the GoTaq qPCR Master
Mixkit (Promega) according to the manufacturer’sinstructions. -Actin
or B-tubulinwas used as the internal control genes, and relative changes
ingene expression were analysed using the 27 or 2724 formula.

CXCL12 detection by ELISA

The supernatant of mouse adCAFs or non-adCAFs was collected and
concentrated 72 h after cell culture. The CXCL12 concentrations were
determined using the Mouse CXCL12 ELISA kit (R&D system). Standard
curve calibratorsand supernatant samples were assayed according to
the manufacturer’sinstructions.

Tumour-derived conditioned medium preparation

For preparation of MC38 tumour-derived CM (adipose-CM), freshly
resected MC38 tumour tissue were promptly transferred to sterile
tubes containing 5 ml of serum-free RPMI 1640 medium. The tissues
were washed five times with PBS to remove residual blood. The tissue
was carefully dissected using sterile surgical blades, followed by three
additional PBS washes. Isolated adipose samples were incubated in T25
flasks containing serum-free RPMI 1640 medium supplemented with
1% (v/v) penicillin-streptomycin (500 mg 8 ml™) for 24 hat37°Cina
humidified incubator with 5% CO,. Following incubation, the superna-
tants were collected, centrifuged at 500g for 10 minat4 °C, and filtered
through 0.22-pm membranes to remove cellular debris and potential
microbial contaminants. CM was prepared under identical conditions
butwithout adipose tissue and served as a baseline reference.

Chemotaxis assay in vitro

To observe the chemotactic behaviour of T cells, a three-dimensional
chemotaxis assay with p-Slide Chemotaxis (ibidi) was used asreported
previously according to the manufacturer’s protocol”™”. T cells were
isolated from the spleens of C57BL/6) mice, co-stimulated, and then
suspended at a density of approximately 3 x 10° cells per ml in the
culture medium containing 1-3 mg ml™ Matrigel Matrix (Corning).
The cells with gel matrix were seeded in one filling port of the central
channelandincubated for1-2 hat37 °C. After the gel matrix was solidi-
fied, achemoattractant or chemoattractant-free solution was added
into the two reservoirs of the chamber respectively according to the
determined loading scheme.

To obtain the detailed documentation of the T cell migration
over time, live cellimages were acquired every minute for 2 h by Nikon
ECLIPSE Ti2 (Nikon), a fully motorized fluorescence microscope with
live cellimagingincubator. Specifically, the experimentincluded track-
ing datafrom20-40 single cells. Then, for quantification of their move-
ment, single cells were tracked over time by determining their position
(xandy) on each frame of the image using the Image) Manual Tracking
Plugin (Fabrice Cordeliéres). After tracking, the paths of the cells were
visualizedin trajectory plots providing information about chemotactic
effects using Chemotaxis and Migration Tool Software (Ibidi).

Isolation of adCAF and non-adCAF stromal cells

MDK-GFP mice were inoculated with1 x 10° tumour cells (suspendedin
50 plsaline) near theinguinal adipose tissue. After 2 weeks, mice were
killed and PAT was dissected to be digested in single-cell suspension
with full light protection. MDK-coupled GFP fluorescence (from MDK~-
GFP mice) and a panel of anti-mouse antibodies (Panel 6), including
anti-mouse CD45, CD31, FAP and PDGFRB, were used for sorting the

adCAF-enriched stromal cells. Stromal cells were characterized and
defined as Live/Dead”, CD45 and CD31". In the gate of stromal cells,
cells that were triple-positive for FAP*, PDGFRB*, MDK" were consid-
ered to be adCAF-enriched stromal cells, while the remaining cells
were regarded as non-adCAF stromal cells. These cells were cultured
in DMEM supplemented with 10% FBS and 1% penicillin-streptomy-
cin. The adCAF-enriched stromal cells and non-adCAF stromal cells
were cultured and detected by morphological examination under the
microscope. Next, the CXCL12 protein and RNA expression levels were
detected by western blot, RT-qPCR and ELISA. Then RNA sequencing
was carried out for both of them.

To explore the differentiation from ASCs to adCAFs, mouse ASCs
were treated with tumour supernatant for 72 h. Moreover, mouse ASCs
were treated with TGF[1 protein (Novoprotein) at concentrations of
5ng ml™and 10 ng ml™, respectively for 5-7 days, and then the char-
acteristics of adCAFs were detected.

Tumour-bearing mouse models

For mouse models with tumour adjacent to inguinal adipose tissue,
C57BL/6), BALB/c, BALB/c-Nude mice, NSG mice, Cxcl12"" mice, Mdk®™
mice and MDK-GFP mice were used. A surgical procedure was employed
toestablishtumours adjacent to adipose tissue. Following anaesthesia,
asmallskinincision (-1 cm) wasmadeintheinguinal region usingster-
ile surgical scissors. This approach allowed for direct visualization of
the well-defined inguinal fat pad, a substantial subcutaneous adipose
depot consistently present at this location. Under direct observation,
a50 plsuspension containing1x 10 MC38-OVA or CT26 CRC cells was
slowly injected into the adjacent loose connective tissue space using
a29-gaugeinsulin syringe. While the initial access was subcutaneous,
the final cell delivery was periadipose. Tumour size was routinely moni-
tored every 3 days using a caliper, and tumour volume was calculated
using the standard formula V = length x width?/2. After the tumours
grew to the indicated sizes (50-100 mm?), mice were randomized
into different groups (n =5 per group). Mice were killed when they
met the institutional euthanasia criteria for tumour size and overall
health condition.

For the surgical elimination of PAT, mice were anaesthetized
with 1% pentobarbital sodium, positioned in lateral recumbency with
the tumour facing upward, and a skin incision was made around the
tumour. The PAT (weighing approximately 0.1 g post-resection) located
immediately adjacent to the tumour mass was surgically removed.
Control animals underwent either a sham operation or resection of
the contralateral inguinal adipose tissue. Haemostasis was achieved
by applying gentle pressure to bleeding points with cotton swabs, fol-
lowed by wound suturing and disinfection with iodophor. The tissue
resected in the experimental group specifically corresponded to the
adipose pad directly surrounding the tumour, rather than representing
distant or systemic fat depots.

For the CD45.1transfer model, CD45.1' T cells were isolated from
the spleen of CD45.1donor mice and co-stimulated in vitro. Thereafter,
CD45.1" T cells (5 x 10°) were intravenously transferred for three con-
secutive days into CD45.2 recipient mice that were bearing tumours
near theinguinal adipose tissue and underwent PAT resection’. After
5days, theinfiltration of CD45.1" cellsin tumour and PAT was detected
by flow cytometry analysis.

For drug treatment, CXCL12 neutralizing antibody (Merck Milli-
pore) was administered at a dose of 15 pg per mouse in PBS by injection
into theinguinal adipose tissue every 3 days for a total of four times. The
anti-mouse PD1antibody (Bio X Cell) was given at 100 pg per mousein
PBS by intraperitoneal injection every 3 days for a total of four times.

Orthotopic caecal models

To establish an orthotopic caecal model for CRC, the following proce-
dureswere performed. First, MC38-luc cells were grown subcutaneously
in donor mice to produce cell-derived xenograft tumour tissue. After
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2weeks, the resulting tumours were excised and cut into uniform 1-mm
slices using ametaltissueslicer,and the slices were keptin PBS until use.
Recipient mice were anaesthetized with 1% sodium pentobarbital and
placedinasupine position. A1-cmmidline abdominalincision wasmade
to expose the caecum. At a well-vascularized site on the caecal surface,
the vasculature was gently scratched with a needle tip to create a mild
injury. A tumour slice was then attached at this site using a biocom-
patible tissue adhesive. After returning the caecum into the abdomi-
nal cavity, the wound was sutured and disinfected with iodophor. At
5-7daysafter surgery, mice wereintraperitoneallyinjected with D-luciferin
potassiumsalt (15 mg ml™,200 ul per mouse). Tumour development was
assessed using a small animal in vivo imaging system (IVIS Spectrum,
PerkinElmer), allowing subsequent processing and data recording.

For drug treatment, a CXCL12 neutralizing antibody (Merck Mil-
lipore) and an anti-mouse PD-1antibody (Bio X Cell) were administered
viaintraperitoneal injection. AMD3100 (Selleck) was dissolved in saline
and given daily atadose of 10 mg kg™ until the experimental end point.

Tissue dissociation and flow cytometric analysis

Freshly isolated tumour and PAT samples from mice were dissociated
aspreviously described”. The samples were minced into small pieces
by ascalpel, digested with an Adipose/Tumour Tissue Dissociation
kit (Miltenyi Biotec) and incubated at 37 °C with rotation for 40 min.
Thereafter, the samples were filtered through 40-pumnylon cell strain-
ers, washed with FACS buffer, and centrifuged at 450g for 5 min. After
removal of the supernatant, the pelleted cells were gently suspended in
40% Percoll (Cytiva) and subjected to gradient centrifugationat 900g
for 20 min (Inc Spd 9, Dec Spd 3). The pelleted cells were resuspended
in FACS buffer, stained with Live/Dead Fix Blue-400 (Thermo Fisher
Scientific) for 15 minat room temperature. The cells were washed and
stained with several antibody panels for 30 min at room temperature
toidentify different subsets ofimmune cells or stromal cells. Then the
cellswere fixed and permeabilized overnight at 4 °C and were washed
the next day by using Foxp3/Transcription Factor Staining Buffer Set
(Thermo Fisher Scientific). Next, the fixed cells were suspended in PBS
with Countbright Absolute Counting Beads (Thermo Fisher Scientific).
Thenthe cells were evaluated by CytoFLEX LX Flow Cytometer (Beck-
man Coulter) and the data were analysed using CytoExpert software
(Beckman Coulter).

Panel3included anti-mouse CD45,CD3,CD4, CD8, CXCR4, T-Select
H-2Kb OVA Tetramer (OVA 257-264) for the detection of CXCR4* T cells.
Panel 4 included anti-mouse CD45.1, CD3, CD4, CD8, CXCR4, T-Select
H-2Kb OVA Tetramer (OVA 257-264) for the detection of CD45.1" CXCR4*
T cells. Panel 5 included anti-mouse CD45, CD31, FAP, PDGFRB, MDK
for confirming the sorting efficiency of adCAF.

Cxcl12"" mice and Mdk°™ mice models

To specifically knock out CxclI2in the PAT, Cxcl12"" mice were treated
with 5 x 10" V.G. AAV2/9-CAG-Cre or its control AAV by injection into
theinguinal adipose tissue to obtain PAT-specific Cxc/I2homozygous
knockout mice. All AAVs were purchased from Taitool Bioscience. After
4 weeks, the efficiency of viral infection was determined by detecting
GFP fluorescence intensity in OCT-embedded frozen sections, and
the knockout efficiency of Cxcl12 in PAT was verified by qPCR and
western blot.

To specifically eliminate the vast majority of adCAFs in the PAT,
Mdk°™ mice were injected daily with 100 ng diphtheria toxin (DT; List
Biological Laboratories) into PAT for at least 7 days. For evaluating
adCAF elimination efficiency, PAT was dissected and digested into a
single-cell suspension and then the quantity of adCAF was detected
using flow cytometry.

Patient enrolment
We enrolled 67 patients with clinically staged T3-4 or N + MO rectal
adenocarcinoma from SYSUCC, all of whom underwent neoadjuvant

immuno-chemoradiotherapy. The treatment regimen consisted of
(1) pre-radiotherapy: one cycle of Capeox (oxaliplatin 130 mg m™2
intravenously on day 1, capecitabine 1,000 mg m™2 orally twice daily
on days 1-14, every 3 weeks) combined with PD-1 inhibitor (sintili-
mab, 200 mg intravenously on day 1, every 3 weeks). (2) Concur-
rent radiotherapy: two cycles of Capeox plus sintilimab (oxaliplatin
dose reduced to 100 mg m™2, with other parameters unchanged). (3)
Post-radiotherapy: one additional cycle of Capeox with sintilimab
(reverting to the initial oxaliplatin dose of 130 mg m~2). Following
immuno-chemoradiotherapy, treatment response was assessed using
radiological imaging, colonoscopy and clinical evaluation. Patients
were closely monitored every 3-4 months to determine whether a
clinical CR (cCR) was achieved. Radical surgery was performed for those
without cCR. Postoperative pathological evaluation was independently
conducted by two senior pathologists using the AJCC Seventh Edition
Tumour Regression Grade system. PD-L1expressionin tumour samples
was assessed using an IHC stainingkit (containing the 22C3 antibody).
Two experienced pathologists, blinded to clinical outcomes, inter-
preted the results following the manufacturer’s guidelines.

tVAT area analysis

MRI was performed using a 3.0-T whole-body MRI system (Signa Pio-
neer, GE Healthcare) with a 28-channel phased-array coil. Patients
fasted and refrained from water intake for 4 h before the scan. They
were positioned head-firstin the supine position, with the coil centre
aligned at the pubic symphysis level and adjusted based on tumour
location. High-resolution MRI was acquired using a two-dimensional
fast spin-echo T2-weighted sequence in three orientations: oblique
axial (perpendicular to the tumour’s long axis), sagittal (parallel to the
tumour’s long axis) and oblique coronal (parallel to the anal canal). The
MRI parameters of oblique axial included an echo time (TE) of 88 ms,
repetition time (TR) of 3,693 ms, slice thickness of 3 mm, slice spacing
of 0.5 mm, field of view 0f 200 x 200 mm, matrix size of 256 x 320, and
two excitations. Two experienced radiologists, blinded to pathological
results, independently reviewed and reinterpreted the MRI findings.
Using 3D Slicer software (https://www.slicer.org), they manually delin-
eated the mesorectal fat area on the largest cross-sectional oblique
axial T2-weighted image, tracing along the mesorectal fascia, while
excluding the tumour and lumen, which referred to tVAT area. The final
tVAT area value was calculated as the average of their measurements.

Statistics and reproducibility

Nostatistical method was used to predetermine sample size; however,
our sample sizes are comparable with those reported in previous rel-
evantstudies®™. Theinvestigators were not blinded to group allocation
during experiments and outcome assessment, except for the MRI
analyses, which were performed independently by two radiologists
who wereblinded to the experimental groups. In animal experiments,
mice were randomly allocated to experimental groups unless otherwise
specified. For studies involving genetically engineered mice, group
assignment was determined by genotype, with all comparison groups
matched at baseline for key covariates including age and sex. No data
were excluded from the analyses. Before statistical testing, data were
formally assessed for normality and homogeneity of variance, and all
met the assumptions of the applied tests. The statistical methods used
for each analysis are described in the figure legends. In brief, a paired
Student’s t-test and paired Wilcoxon test were used to determine sig-
nificant differences for the comparison between two paired groups. An
unpaired Student’s ¢-test was used to detect whether there were signifi-
cant differences between two independent groups. A one-way analysis
of'variance (ANOVA) combined with the Tukey’s multiple comparison
method was used to conduct pairwise comparisons among multiple
independentgroups (=3). A two-way ANOVA combined with Tukey’s or
Bonferroni’s multiple comparison method was used to perform pair-
wise comparisons among multiple groups with two factors. A two-way
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ANOVA combined with the Tukey’s multiple comparison method was
used to conduct pairwise comparisons between groups of tumour
growth curves. All statistical tests were two-sided and the statistical
results are presented as mean + s.d. All experiments were repeated at
least three times yielding consistent results. Representative outcomes
and images are presented. Statistical analyses were performed with
GraphPad Prism (v.8.0.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The source data of scRNA-seq, scTCR/BCR-seq and snRNA-seq data of
this study are available in Genome Sequence Archive database under
accession code (HRA009867). Processed bulk transcriptome data
are available on Mendeley at https://doi.org/10.17632/gnmygsz5zr.
All other data supporting the findings of this study are available from
the corresponding author on reasonable request. Source data are
provided with this paper.

Code availability

This study has not generated any custom codes or programs. All the
software and packages used in this study have been mentioned in
detail in Methods.
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Extended DataFig.1|Single-cell RNA profiling unveils tissue-specific

immune landscape of tVAT. a. UMAP plots showing the expression patterns

of marker genes used to define all cell types within the TME. b. Expression of
representative signature genes across major clusters, highlighting key molecular
markers for each cell type. c.Enriched pathways based on differentially expressed
genes between tVAT and dVAT, providing insight into the functional differences
between these tissue types. A two-sided hypergeometric test was used to

calculate p values and Benjamini-Hochberg method was used to adjusted the

p values. d. Representative images of H&E staining and immunofluorescence (IF)
staining for lymphocytes in tVAT and dVAT sections from CRC patients
(n=3patient samples per group). Scale bar =200 pum. e. Representative images of
multipleximmunohistochemistry (mIHC) staining showing various maturation
states of tertiary lymphoid structures (TLSs) in tVAT sections from CRC patients
(n=4 patient samples). Scale bars =500 pm (overallimage) or 200 um (insets).
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of'the top 20 most expanded TCR clones in dVAT, Tumour, and tVAT for each
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different colour. Coloured bands between columns represent shared clones
across time points. c¢. Boxplot comparing TCR clonal diversity between tVAT
(n=3)and dVAT (n=3), analysed using a two-sided paired Student’s ¢-test.
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Tumour, and tVAT for each patient. e. Boxplot comparing BCR clonal diversity
between tVAT (n=3) and dVAT (n=3), analysed using a two-sided paired Student’s
t-test. f. Heatmap showing the fraction of BCR clonotype overlap among tissue
samples and their respective tumours. g. Boxplot comparing BCR overlap
between tVAT (n=3) and dVAT (n=3) with their respective tumours, analysed
using a two-sided paired Student’s ¢-test. The data are presented as a box-and-
whisker graph (bounds of box: first to third quartile, bottom and top line:
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for constructing Control and Cxc/12"" cKO mice bearing MC38-OVA tumours
near PAT. k. Western blot analysis for verifying the knockout efficiency of Cxcl12
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Extended Data Fig. 4 | Cross-tissue diversity of stromal cells in VATs, PT and
PN. a. Top-ranked markers to define the stromal cell subclusters. b. Cross-tissue
diversity (top) and abundance (bottom) of stromal cells in VATs, Tumour and
Normal. c. Box plot to compare the abundance of stromal cells in VATs (n =24),
Tumour (n=70) and Normal (n=12). P-values were calculated using a two-side
Wilcoxon test. The data are presented as a box-and-whisker graph (bounds of

box:first to third quartile, bottom and top line: minimum to maximum, central
line: median). d. Relative expression levels of CAF-associated markers (FAP
and COL1A1) and adipose markers (APOE and APOD) in CAFs versus adCAFs
from peritumoral adipose tissue of CRC patients, analysed using the two-sided
Wilcoxon test.
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Extended Data Fig. 5| Tumour induces adipose mesenchymal transformation
in tVAT. a. UMAP plot of VAT-associated stromal cells in tVAT and dVAT from CRC
patients. The 8 clusters, labelled by inferred cell types, are denoted by colour.
b. Dot plot showing RNA expression of marker genes used to define pAC, adCAF,
and APC subclusters. Circle size represents the log-normalized P-value, while

colour intensity indicates the log-transformed mean expression of marker genes.

c.Sorting strategy for isolating adCAFs from mouse PAT by flow cytometry.
d.RNA sequencing analysis of adCAF markers in sorted adCAF-enriched stromal
cells and non-adCAF stromal cells (n = 4). Statistical significance was assessed
using atwo-sided, unpaired Student’s ¢-test. e. RNA sequencing analysis of
adipogenesis markersin sorted adCAF-enriched stromal cells and non-adCAF

stromal cells (n =4). Statistical significance was assessed using a two-sided,
unpaired Student’s ¢-test. f. Representative images of the morphology of sorted
adCAF-enriched stromal cells and non-adCAF stromal cells. Scale bar =500 pm.
g. Cross-tissue interactions analysis based on ligand-receptor pairs between
adCAFs and tumour cells (left) and a comparison between tVAT and dVAT
(right). A two-sided permutation test was used to determine the significance

of pathways. h. Western blot analysis of CXCL12 protein expressioninsorted
adCAF-enriched stromal cells and non-adCAF stromal cells (n=3). The dataare
presented as a box-and-whisker graph (bounds of box: first to third quartile,
bottom and top line: minimum to maximum, central line: median) for (d-e).
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Single-nucleus RNA profiling characterizes the stromal
microenvironment and mature adipocytes of tVAT. a. UMAP of all cells in tVAT
and dVAT from 5 CRC patients, with 16 clusters labelled by inferred cell types.
Major lineages included variousimmunocytes, VAT-associated stromal cells,
adipocytes (ACs), endothelial cells (ECs), pericytes (PCs) and mesothelial cells
(Mesos). b. Heatmap of representative marker genes across all cell populations.
c. UMAP of 6 subsets of ACs in tVAT and dVAT from 5 CRC patients. d. Beeswarm
plot showing the distribution and abundance of ACs in Nhoods between tVAT
and dVAT. e. Box plot to compare the abundance of ACs in dVAT (n=>5) and

tVAT (n=5). P-values were calculated using a two-side Wilcoxon test. f. Cell-cell
communication analysis based on ligand-receptor interactions (top 3) between
CD8' T cells and adipocytes, and between CD8" T cells and VAT-associated
stromal cells in tVAT. A two-sided permutation test was used to determine

the significance of pathways. Only significant ligand-receptor pairs (P< 0.05)
are shown. Dot size encodes the interaction score, and colour scale indicates

the communication probability. g. Violin plots showing the expression of
CXCL12, VAT-associated markers, and CAF-associated markers in adipocytes
and VAT-associated stromal cells from CRC patients. h. UMAP of 8 subsets of
VAT-associated stromal cells in tVAT and dVAT from 5 CRC patients, including
APCs, pACs and adipocyte-derived cancer-associated fibroasts (adCAFs). The

8 clusters, labelled by inferred cell types, are denoted by colour. i. Beeswarm
plot showing the distribution and abundance of VAT-associated stromal cell
typesin Nhoods between tVAT (n=5) and dVAT (n=5).j. Box plot to compare
the abundance of VAT-associated stromal cells in dVAT and tVAT. P-values

were calculated using a two-side Wilcoxon test. k. Heatmap showing the RNA
expression patterns of representative marker genes across all cell populations,
including CAF markers, stromal markers, APC/pAC markers, white/brown/beige
fat markers, and cytokines and growth markers. The data are presented as abox-
and-whisker graph (bounds of box: first to third quartile, bottom and top line:
minimum to maximum, central line: median) for (e, j).
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Extended Data Fig. 7| Tumour-derived factors induce APC to obtain adCAF
characteristics. a. Experimental flow chart for dissecting MC38 tumours
from tumour-bearing mice and preparing tumour conditioned media. b. RNA
sequencing detecting the RNA expression of 4 adCAF-associated transcript
factorsin mAPCs treated with tumour conditioned media (n=10). The dataare
presented as a box-and-whisker graph (bounds of box: first to third quartile,
bottom and top line: minimum to maximum, central line: median). Statistical
significance was assessed using a two-sided, unpaired Student’s ¢-test. c. RT-
gqPCR detecting the RNA expression of adCAF-associated genes in peritumoral
adipose tissue (PAT) and contralateral adipose tissue (Control) from MC38
tumour-bearing mice (n = 6). Statistical significance was assessed by a two-

sided, unpaired Student’s t-test. d. RT-qPCR detecting the RNA expression

of adCAF-associated TFsin PAT and contralateral adipose tissue from MC38
tumour-bearing mice (n = 6). Statistical significance was assessed by a two-sided,
unpaired Student’s ¢-test. e. ELISA detecting the concentration of TGF-Blin the
supernatant of MC38-derived tumours (n =3) or normal intestinal tissue (n = 3).
Statistical significance was assessed using a two-sided, unpaired Student’s ¢-test.
f. Representative images of the morphology of mouse adipose progenitor cells
(mAPCs) treated with mouse TGF-B1 protein. g. Western blot analysis detecting
the expression of adCAF marker genes (MDK) in mAPCs treated with mouse
TGF-B1protein at concentrations of 5 or 10 ng/mL. Panel created with BioRender:
a,Huaiqiang,J. https://biorender.com/y65a209 (2026).
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Extended Data Fig. 8| Clinical significance of the tumour-adipose tissue
crosstalk. a. Editing strategy for constructing Mdk®™ mouse. b. Flow cytometry
representative plots and bar graphs for verifying the elimination efficiency of
adCAFs (FAP'PDGFRB*MDK' stromal cells) in PAT of Control mice and Mdk®™
cKO mice. c. Experimental design for combination therapy with aCXCL12 and

CXCR4*CD8'T cell in MC38-OVA tumours from the 4 treatment groups (n=6).
g.Boxplot of difference of tVAT areain CR and non-CR patients with T3 or T4
stage separately. The data are presented as a box-and-whisker graph (bounds of
box: first to third quartile, bottom and top line: minimum to maximum, central
line: median). h. ROC plot of prediction ability of tVAT area in patients with T3

or T4 stage separately. Data represent >3 independent experiments. P-values
were calculated using a two-sided, unpaired Student’s ¢-test (b, e-g) and two-way
ANOVA with Tukey’s correction for multiple comparisons (d). Graphs display
mean =SD (b, d, e-g). Panels created with BioRender: aand ¢, Huaiqiang, J. https://
biorender.com/33r2gmm (2026).

oPD-1in mice bearing MC38-OVA tumours near PAT. d. MC38 tumour weights
ofthe experiment in mice treated with «CXCL12 and/or aPD-1(n=6).e. Flow
cytometry analysis of the infiltration of immunocytes, including T cells, CD4*
Tcells, CD8* T cells, and tumour-specific CD8" T cells in MC38-OVA tumours
fromthe 4 treatment groups (n = 6). f. Flow cytometry analysis of the infiltration
of CXCR4*immunocytes, including CXCR4" T cell, CXCR4" CD4" T celland
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Extended Data Fig. 9| Clinical significance of the tumour-adipose tissue
crosstalk. a. Experimental design for combination therapy with AMD3100

and aPD-1in mice bearing MC38-OVA tumours near subcutaneous PAT.

b. Representative MC38 tumour images of the mice treated with AMD3100 and/
or aPD-1(n=5). c. Representative MC38 tumour weights of the mice treated with
AMD3100 and/or aPD-1(n=35).d. Representative MC38 tumour growth of the
mice treated with AMD3100 and/or aPD-1(n=5). e. Representative MC38 tumour
images in MC38-OVA caecal orthotopic tumour-bearing mice treated with
AMD3100 and/or aPD-1(n=5).f. Representative MC38 tumour weights in MC38-
OVA caecal orthotopic tumour-bearing mice treated with AMD3100 and/or aPD-1
(n=5).g.Representative MC38 Bioluminescence Images in MC38-OVA caecal
orthotopic tumour-bearing mice treated with AMD3100 and/or aPD-1(n=5).

h. Representative MC38 tumour images in MC38-OVA caecal orthotopic tumour-
bearing mice treated with aCXCL12 and/or aPD-1(n=5).i. Representative MC38

CXCR4* CXCR4* CXCR4* CXCR4* CXCR4*
Immunocytes T CDh4* T CD8*T  tumor-specific T

tumour weights in MC38-0VA caecal orthotopic tumour-bearing mice treated
withaCXCL12 and/or aPD-1(n=5).j. Representative MC38 Bioluminescence
Images in MC38-OVA caecal orthotopic tumour-bearing mice treated with
«CXCL12 and/or aPD-1 (n=5).k. Flow cytometry analysis of the infiltration of
immunocytes, including T cells, CD4" T cells, CD8" T cells, and tumour-specific
CD8"T cells in MC38-OVA tumours from 4 treatment groups (n =5). 1. Flow
cytometry analysis of the infiltration of CXCR4* immunocytes, including CXCR4*
Tcell, CXCR4"CD4" T celland CXCR4* CD8* T cell in MC38-OVA tumours from 4
treatment groups (n=>5). Datarepresent >3 independent experiments. P-values
were calculated using a two-sided, unpaired Student’s t-test (c, f, i, k, I) and two-
way ANOVA with Tukey’s correction for multiple comparisons (d). Graphs display
mean +SD (c-d, f, i, k-1). Panel created with BioRender: a, Huaigiang, J.
https://biorender.com/wbcolts (2026).
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  ScRNA-seq and snRNA-seq were performed using the 10X Genomics Chromium Single-Cell 3' platform. SCTCR/BCR-seq was performed using
the 10X Genomics Chromium Single-Cell 5' platform. All sequencing was performed using the Illumina platform (lllumina, San Diego, CA). The
KFBIO Digital Pathology slide Scanner was used to acquire H&E and IF images. mIHC images were scanned with ZEISS Axioscan7 whole-slide
imaging system (Carl Zeiss). A Nikon ECLIPSE Ti2 (Nikon), a fully motorized fluorescence microscope with live cell imaging incubator, was used
to observe the chemotactic behavior of T cells. Flow cytometry analysis was performed using a CytoFLEX (Beckman), and cell sorting was
performed using a MoFlo Astrios (Beckman). The Victor Nivo 55 multi-mode plate reader was used for protein quantification. Immunoblot
images were acquired using a ChemiDoc Touch Imaging System (Bio-Rad). Quantitative real-time PCR (qRT-PCR) was performed using a
LightCycler 96 (Roche Life Science). MRI was performed using a 3.0-T whole-body MRI system (Signa Pioneer, GE Healthcare) with a 28-
channel phased-array coil.

Data analysis ScRNA-seq data and snRNA-seq analysis: Raw data preprocessing was performed using Cell Ranger v4.0. Additional cell and gene filtering was
performed using Seurat v4.3.0. scTCR/BCR-seq analysis: TCR/BCR clonotype identification and diversity analysis of immunological repertoire
data were performed using the scRepertoire package v1.8.0. RNA-seq analysis: STAR and RSEM software were used to perform read
alignment and quantification with the GRCh38 (hg38) p13 reference genome and Gencode v32 annotation. H&E and IF images were analyzed
using K-Viewer (KFBIO), and mIHC images were visualized using ZEN v3.3(Carl Zeiss). Flow cytometry data were analyzed using CytoExpert
software (Beckman Coulter) and Flowjo v10.2 (Flowjo). In vitro chemotaxis assay was analyzed using Image) Manual Tracking Plugin and
visualized by Chemotaxis and Migration Tool Software (ibidi). Image lab (Bio-Rad) and Image J were used for the acquisition and quantification
of immunoblotting data (GraphPad Software). In vivo tumor bioluminescence was assessed using a small animal imaging system (IVIS
Spectrum). Statistical analysis was performed using GraphPad Prism v8.0.1.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- 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

The source data of scRNA-seq and scTCR/BCR-seq data of this study are available in GSA database under accession code (HRA009867). Processed bulk transcriptome
data are available on Mendeley database under https://doi.org/gnmygsz5zr.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The patient included males and females, and the information on sex and gender was not relevant in our study.

Reporting on race, ethnicity, or Al patients self-identify as Chinese, belonging to the Asian racial group. Specific ethnicity or other socially relevant groupings

other socially relevant are not reported in our study.
groupings
Population characteristics There are three CRC patient cohorts in this study. Cohort 1 contains a total of 14 tumor, 12 tVAT, and 12 dVAT tissue

specimens (5 female, 9 male, age: 35-74 years old); Cohort 2 contains 67 patients with their MRI images (24 male, 43 female,

age: 33-73 years old); Cohort 3 contains 5 patients for snRNA-seq (4 male, 1 female, age: 56-86 years old). All patient samples
and data were obtained from Sun Yat-sen University Cancer Center (SYSUCC, Guangzhou, China). The number of participants

in these experiments is described in detail in the corresponding figure legends.

Recruitment All patient samples and data were collected by Sun Yat-sen University Cancer center (SUYSUCC, Guangzhou, China) after
appropriate review of our research project to ensure that it was covered under their ethics approval. Participating patients
each received RMB 500 as compensation. All patient samples were collected by SYSUCC based on availability and informed
consent provided by the individuals. There was no bias in patient enrollment.

Ethics oversight All samples were collected from patients with informed consent, and all related procedures were performed with the
approval of the Medical Ethics Committee of SYSUCC (B2024-759-01).

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size; however, our sample sizes are comparable to those reported in previous
relevant studies (doi: 10.1038/s41586-022-04505-7). For animal studies, n=5-6 per group was selected to ensure statistical power to detect
biological relevant differences, while for cell experiments, n is guaranteed to be > 3. All the experiments including technical replicates were
repeated at at least three independent times.

Data exclusions  No data were excluded from the analyses, and biological samples were excluded from the study only if sample preparation or data acquisition
failed.

Replication As reported in the figure legends, all experiments were performed at least three independent biological replicates.
Randomization  Inanimal experiments, mice were randomly allocated to experimental groups unless otherwise specified. For studies involving genetically
engineered mice, group assignment was determined by genotype, with all comparison groups matched at baseline for key covariates

including age and sex.

Blinding The investigators were not blinded to group allocation during experiments and outcome assessment, except for the MRI analyses which were
performed independently by two radiologists who were blinded to the experimental groups.
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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 |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry
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Plants

Antibodies

Antibodies used Primary antidbodies (for mIHC, IF, WB, Flow Cytometry):
Monoclonal anti-human CD3 (1:500, ZSGB-BIO, Cat# ZM0417), Rabbit monoclonal anti-human CD20 (1:200, Abcam, Cat# ab78237),
Monoclonal anti-human CD21 (1:50, ZSGB-BIO, Cat# ZM0040), Monoclonal anti-human CD23 (1:200, ZSGB-BIO, Cat# ZA0516),
Monoclonal anti-human Ki67 (1:100, ZSGB-BIO, Cat# ZM0166), Monoclonal anti-human PANCK (1:100, ZSGB-BIO, Cat# ZM0069),
Rabbit monoclonal anti-human FAP (1:200, Cell Signaling Technology, Cat# 66562), Rabbit monoclonal anti-PDGFRB (1:200, Cell
Signaling Technology, Cat# 3169S), Rabbit monoclonal anti-MDK (1:200, Proteintech, Cat# 11009-1-AP), Rat monoclonal anti-mouse
CD45 (APC-Fire750) (1:100, Biolegend, Cat# 103154), Rat monoclonal anti-mouse CD31 (PC5.5) (1:100, Biolegend, Cat# 102420), Rat
monoclonal anti-mouse FAP (AF647) (1:100, R&D SYSTEMS, Cat# FAB9727R), Rat monoclonal anti-mouse PDGFRB (PE)(1:50,
Ebioscience, Cat# 12-1402-81), Monoclonal anti-mouse MDK (PE-CY7) (1:200, Sanyou Bio), Rat monoclonal anti-mouse CD45 (APC-
Cy7) (1:100, Biolegend, Cat# 103116), Rat monoclonal anti-CD3 (FITC) (1:100, Biolegend, Cat# 100204), Rat monoclonal anti-CD4 (PE-
Dazzle594) (1:100, Biolegend, Cat# 100456), Rat monoclonal anti-CD8 (PC5.5) (1:50, Biolegend, Cat# 100734), Rat monoclonal anti-
CXCR4 (APC) (1:50, Biolegend, Cat# 146508), Mouse monoclonal anti-mouse CD45.1 (BV510) (1:100, Biolegend, Cat# 110741),
Monoclonal anti-B-Tubulin (1:1000, ZSGB-BIO, Cat# TA-10), Rabbit monoclonal anti-CXCL12 (1:1000, Cell Signaling Technology, Cat#
3530s), T-Select H-2Kb OVA Tetramer (OVA 257-264) (PE) (1:20, Medical & Biological Laboratories, Cat# TS-5001-1C).

Secondary antidbodies (for mIHC, IF, WB):
Alexa Fluor 488-labeled Goat Anti-Mouse 1gG(H+L) (1:100, Beyotime, Cat# A0428), Alexa Fluor 647-labeled Goat Anti-Rabbit IgG(H+L)
(1:100, Beyotime, Cat# A0468), HRP-labeled goat anti-mouse antibody (1:100, ZSGB-BIO, Cat# ZB-2305), HRP-labeled goat anti-rabbit
antibody (1:100, ZSGB-BIO, Cat# ZB-2301).

Another Antibodies (for T cell costimulation, animal experiments)

CXCL12 (SDF-1) neutralizing antibody, clone K15C (Merck millipore, Cat# MABC184), InVivoMAb anti-mouse PD-1 (CD279), RMP1-14
(BioXcell, Cat# BEO146), Ultra-LEAF™ Purified anti-mouse CD3e Antibody (2.5 pg/mL, Biolegend, Cat# 100340), Ultra-LEAF™ Purified
anti-mouse CD28 Antibody (1 ug/mL, Biolegend, Cat# 102116).

Validation All antibodies used in this study have been validated and detailed information was presented on the following web pages:
Monoclonal anti-human CD3: http://www.zsbio.com/product/ZM-0417
Rabbit monoclonal anti-human CD20: https://www.abcam.cn/products/primary-antibodies/cd20-antibody-ep459y-ab78237.html
Monoclonal anti-human CD21: http://www.zsbio.com/product/ZM-0040
Monoclonal anti-human CD23: http://www.zsbio.com/product/ZA-0516
Monoclonal anti-human Ki67: http://www.zsbio.com/product/ZM-0166
Monoclonal anti-human PANCK: http://www.zsbio.com/product/ZM-0069
Rabbit monoclonal anti-human FAP: https://www.cellsignal.cn/products/primary-antibodies/fap-e1v9v-rabbit-mab/66562
Rabbit monoclonal anti-PDGFRB: https://www.cellsignal.cn/products/primary-antibodies/pdgf-receptor-b-28e1-rabbit-mab/3169
Rabbit monoclonal anti-MDK: https://www.ptgcn.com/products/MDK-Antibody-11009-1-AP.htm
Rat monoclonal anti-mouse CD45 (APC-Fire750): https://www.biolegend.com/en-us/products/apc-fire-750-anti-mouse-cd45-
antibody-13049
Rat monoclonal anti-mouse CD31 (PC5.5): https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-cd31-
antibody-6668
Rat monoclonal anti-mouse FAP (AF647): https://www.rndsystems.com/cn/products/mouse-fibroblast-activation-protein-alpha-fap-
alexa-fluor-647-conjugated-antibody-983802_fab9727r
Rat monoclonal anti-mouse PDGFRB: https://www.thermofisher.cn/cn/zh/antibody/product/CD140b-PDGFRB-Antibody-clone-APB5-
Monoclonal/12-1402-81
Monoclonal anti-mouse MDK (PE-CY7): This antibody was custom-synthesized by Sanyou Bio, and no commercial product link is
available
Rat monoclonal anti-mouse CD45 (APC-Cy7): https://www.biolegend.com/en-us/products/apc-cyanine7-anti-mouse-cd45-
antibody-2530
Rat monoclonal anti-CD3 (FITC): https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd3-antibody-45
Rat monoclonal anti-CD4 (PE-Dazzle594): https://www.biolegend.com/en-us/products/pe-dazzle-594-anti-mouse-cd4-
antibody-11949




Rat monoclonal anti-CD8 (PC5.5): https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-cd8a-antibody-4255
Rat monoclonal anti-CXCR4 (APC): https://www.biolegend.com/en-us/products/apc-anti-mouse-cd184-cxcr4-antibody-9058

Mouse monoclonal anti-mouse CD45.1 (BV510): https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-mouse-cd45-1-
antibody-9609

Monoclonal anti-B-Tubulin: http://www.zsbio.com/product/TA-10

Rabbit monoclonal anti-CXCL12: https://www.cellsignal.cn/products/primary-antibodies/sdf1-cxcl12-d32f9-rabbit-mab/3530
T-Select H-2Kb OVA Tetramer (OVA 257-264) (PE): https://www.mblbio.com/bio/g/dtl/T/index.htmI|?pcd=TS-5001-1C

Alexa Fluor 488-labeled Goat Anti-Mouse 1gG(H+L): https://www.beyotime.com/product/A0428.htm

Alexa Fluor 647-labeled Goat Anti-Rabbit IgG(H+L): https://www.beyotime.com/product/A0468.htm

HRP-labeled goat anti-mouse antibody: http://www.zsbhio.com/product/ZB-2305

HRP-labeled goat anti-rabbit antibody: http://www.zsbio.com/product/ZB-2301

CXCL12 (SDF-1) neutralizing antibody, clone K15C: https://www.sigmaaldrich.cn/CN/zh/product/mm/mabc184

InVivoMAb anti-mouse PD-1 (CD279), RMP1-14: https://www.bioxcell.com.cn/in-vivo-antibodies/invivomab-anti-mouse-pd-1-cd279-
be0146.html

Ultra-LEAF™ Purified anti-mouse CD3e Antibody: https://www.biolegend.com/en-us/products/ultra-leaf-purified-anti-mouse-
cd3epsilon-antibody-7722

Ultra-LEAF™ Purified anti-mouse CD28 Antibody: https://www.biolegend.com/en-us/products/ultra-leaf-purified-anti-mouse-cd28-
antibody-7733

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

MC38, CT26 and E0771 cells were maintained in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. The MC38 cell line was kindly provided by Prof. Wei Yang (Guangdong
Provincial People’s Hospital). CT26 and EQ771 cells were purchased from the American Type Culture Collection (ATCC,
Manassas, USA). The mouse ASCs were purchased from IMMOCELL and cultured in specific medium specified by the supplier.

Cell authentication was confirmed through the use of short tandem repeat analysis.

Mycoplasma contamination All cell lines were tested for mycoplasma every two weeks throughout the experiment.

Commonly misidentified lines  No ICLAC misidentified cell lines were used.

(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

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Six-week-old C57BL/6J mice (Strain NO. 219), BALB/c mice (Strain NO. 211), BALB/c nude mice (Strain NO. 401) and NOD.SCID yc-
deficient (NSG) mice (Strain NO. 408) were purchased from Beijing Vital River Laboratories. CD45.1 (C57BL/6JGpt-
Ptprcem1Cin(p.K302E)/Gpt) mice (Strain NO. T054816), Mdk-GFP mice (Mdk-P2A-EGFP Cas9-Kl), Cxcl12fl/fl mice (C57BL/6JGpt-
Cxcl12em1Cflox/Gpt, Strain NO. T008662) and Mdk-DTR mice (Mdk-LSL-P2A-DTR) were generated by GemPharmatech. Genetically
engineered mice were from in-house matings. All mice were housed under specific pathogen-free conditions in a temperature-
controlled facility with a 12-hour light/dark cycle. Standard rodent chow and water were provided ad libitum. All the related
protocols were approved by the Institutional Animal Care and Use Committee of Sun Yat-Sen University.

The study did not involve wild animals.

There was no gender selection bias in our use of mice, and mice in the same batch of experiments were controlled to be of the same
gender.

No samples were collected from field.
Animal experiments were conducted in compliance with all relevant ethical regulations and were approved by the Sun Yat-sen

University Institutional Animal Care and Use Committee (L025504202205013). This study was performed according to the
Declaration of Helsinki. All mice were humanely euthanized upon completion of the study.

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

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-authentication procedures foreach-seed-stock-used-or-novel-genotype-generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots

Confirm that:
g 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.

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

Methodology

Sample preparation Fresh tissues were digested and lysed into single-cell suspensions and the cells were collected, washed in PBS, stained with
corresponding reagents or antibodies, and fixed if necessary according to the standard procedures.

Instrument Flow cytometry was performed using the CytoFLEX LX Flow Cytometer (Beckman Coulter), and Flow cytometric sorting was
conducted with the MoFlo Astrios (Beckman Coulter).

Software All flow cytometry data were analyzed by CytoExpert software (Beckman Coulter) and FlowJo software v10.2 (FlowJo).

Cell population abundance A small aliquot of cells was collected and run on a cytometer to verify the purity of the samples. The purity of interest cell
population was over 90%. At least three thousand cells were analyzed for each sample.

Gating strategy All flow cytometry results were gated by FSC area vs. SSC area. The cell deaggregation was performed based on SSC area and

SSC height and then analyzed similarly. The same fates was used for control and experimental groups. The gating strategy of
all the cytometry data were stated in the supplementary figures.

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