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Supplementary Fig. 1 | Data integration and cell annotations.

(a) UMAP visualization of total cells colored by sex, platform, cohort, or dataset. (b) Dot plot showing
the expression of canonical markers for cell types. (¢) Cellular compartment annotations from the
original studies, displayed as a UMAP visualization (left) and pie chart showing their percentages

(right).
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Supplementary Fig. 2 | Tissue prevalence of cell subsets.

Tissue prevalence of cell subsets measured by Ro. for each cell type. Tissues are categorized and
ordered by body systems.
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Supplementary Fig. 3 | Diversity of fibroblasts and epithelial cells.

(a-b) UMAP visualization of fibroblasts colored by subsets (a) or tissues (b). (¢) Heatmap showing
the scaled expression of selected signature genes in fibroblast subsets. (d) Bar plot showing the
Shannon equitability of fibroblast subsets across tissues. (e) UMAP visualization of epithelial cells
colored by body systems (left) or by tissues within individual systems (right).
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Supplementary Fig. 4 | Global correlation network.

Global network of specifically correlated subset pairs. Nodes represent cell subsets colored by cell
types. Edge color indicates correlation specificity.
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Supplementary Fig. 5 | CM activities.

Scatter plots showing the correlation between CM activities and the frequencies of cell-subset
components. Dots represent individual samples colored by tissues.
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Supplementary Fig. 6 | Associations between CM activity and phenotypic factors.

(a) CMO09 activity and frequencies of its subsets in individual lymph node samples stratified by alcohol
consumption. Two-tailed unpaired Wilcoxon tests. (b-¢) CM11 activity (b) and CM06 activity (c)
alongside frequencies of their subsets in individual lung samples stratified by history of childhood
tuberculosis. Two-tailed unpaired Wilcoxon tests. (d) CMO07 activity in individual uterus samples
stratified by menstrual phases. Two-tailed unpaired Wilcoxon tests. (e) Spatial distribution of CM07
and its cell subsets in two Visium sections of proliferative (top) and secretory (bottom) uterus. (f)
Cumulative probability curves of CM07 activity in proliferative and secretory uterus. For box plots in
a-d, the center line represents the median, the box limits represent the upper and lower quartiles, and
the whiskers extend to the highest and lowest values within 1.5x the interquartile range.



a -4 02 -6 -2 2 -2 2 b
S T N T N T S 1 B W B} 60
CD4T0g) k2
0.96*** | [0.91*** | [0.90***| [0.77***| | 0.80*** | | 0.83*** | -2
] -6
31 7] [costos
Dt 0.93**| | 0.89 0.75 0.79** | | 0.82*** Q 204 B
N T4 2]
iy c
2 ] [ Eo4 |2 2 31
ks 5 . v aae .0 5]
3 A 0.87* | [0.75 0.77 0.82 [ @
- I 4
@ ; -4 4
= 2 /, F M08 Menopause = 2
o =21 & P 0.79*** | [0.80*** | [ 0.86*** Pre
5 -8l o 3 ® Post g
g I # [ soe Fo I ee 5,
o V. 4 . . 4 oae ol
y & 0.89 088 [ 4 I I 33
= 2N | Lt | E 222222
S % . - L .5 o DNEiZ33333 0002233344444
2 BN CD8TO03 °
S 2] P4 2 #]| sos I
2] 7 4 P 0.85+ . S09 I
-6 N S10 °
w2 . E04 °
ot o T 4
o MO8 ° I
s - x - et -6 BN CD4TOB @
e i 4702 banry -2 2 P s ke
. 100 50 0
Overall expression (cell subset 1) Set Size

Supplementary Fig. 7 | DIALOGUE analysis of CM12.

(a) Diagonal panels: Distribution of MCP overall expression and kernel density estimates for
individual cell-subset components. Down triangular panels: pairwise comparisons of overall
expression scores for each cell component across samples. Dots represent individual samples (blue:
pre-menopausal, red: post-menopausal). The dotted lines represent the linear fit. Upper triangular
panels: pairwise Pearson correlation coefficients and significance (***P < 0.001, one-tailed mixed-
effects test). (b) UpSet plot showing the overlap of MCP genes of CM12 cell subsets.
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Supplementary Fig. 8 | Pan-cancer cell annotations.

(a) UMAP visualization of total cells colored by major clusters (left) or tissues (right). (b) Dot plot
showing the expression of canonical markers for major clusters. (¢) Selection of the epoch number for
supervised cell annotations. (d) Distribution of maximal scores for cells in supervised annotations
across individual major clusters. (e) Pan-cancer confusion matrix of non-epithelial cell annotations.
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Supplementary Fig. 9 | CM08 program and cytokine analysis.

(a) Diagonal panels: distribution of MCP overall expression and kernel density estimates for individual
cell-subset components. Down triangular panels: pairwise comparisons of MCP overall expression
across samples. Dots represent individual samples colored according to CMT phenotypes. The dotted
lines represent the linear fit. Upper triangular panels: pairwise Pearson correlation coefficients and
significance (***P < (0.001, one-tailed mixed-effects test). (b) Distribution of MCP overall expression
across different cell subsets for cells from CMTO08 or other CMTs. Vertical black line indicates the
mean of the distribution. One-tailed mixed-effects model P values are shown. (¢) Sample-averaged
expression of MCP genes (rows) across samples (columns). Genes are sorted by their direction and
pertaining cell subsets (left color bars), while samples are sorted by overall expression (top bar plot).
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Samples are labeled by CMT phenotypes and tissue types (top color bar). (d) Box plots showing CM08
program expression across tissues. Dots represent individual samples profiled by bulk RNA-seq in
GTEXx. Tissues are ordered by the mean of CM08 program expression across samples. () TNF-family
cytokine networks of CMO08. (f) Spatial cellular niches identified by CellCharter in a Visium section
of the skin. (g) Cytokine gene expression profiles across the cellular niches in f. Only cytokines
detected by spatial transcriptomics data are shown. (h) Spatial distribution of selected cytokines in the
Visium section in f. For the box plots in d, the center line represents the median, the box limits represent
the upper and lower quartiles, and the whiskers extend to the highest and lowest values within 1.5x
the interquartile range.
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Supplementary Fig. 10 | Clinical implications of CM08 program.

(a,c,d) Overall expression of the CMO08 program (a), tumor inflammation signature (c), and cytotoxic
signature (d) in 277 bulk RNA-seq from 226 patients with advanced melanoma before (pre) and on
PD-1 blockade therapies, stratified to responders (CR/PR) and non-responders (SD and PD). One-
tailed unpaired Wilcoxon tests. (b) Venn diagram illustrating the overlap of signature genes of the
CMO8 program, tumor inflammation signature, and cytotoxic signature. The P values are calculated
with hypergeometric tests. (e) The same plot as in a but showing the gene expression of individual cell
subsets. Two-tailed paired Wilcoxon tests. For the box plots in a and c-e, the center line represents the
median, the box limits represent the upper and lower quartiles, and the whiskers extend to the highest
and lowest values within 1.5x the interquartile range. CR, complete response; PR, partial response;
SD, stable disease; PD, progression disease.
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Supplementary Notes

Supplementary Note 1 | Linking CM activity to phenotypes

To further investigate the significance of CMs, we assessed CM associations with phenotypic data. We
observed a correlation between alcohol consumption and increased CMO09 activity in lymph nodes
(Supplementary Fig. 6a). Additionally, adult lung tissues with a history of childhood tuberculosis
displayed increased immune CMO06 activity compared to those without such a history (Supplementary
Fig. 6b-c), reminiscent of the persistence of immune scars within the lung tissues following infection.
Interestingly, the uterus-enriched CMO07 exhibited higher activity in the endometrium during the
secretory phase compared to the proliferative phase (Supplementary Fig. 6d-f), potentially indicating
vascular remodeling associated with the menstrual cycle. Together, these results demonstrate that CMs
provide a scaffold for multicellular investigation into the phenotypic associations with cellular
diversity. Further research with larger cohorts is needed to comprehensively unveil CM associations
with broader phenotypes.

Supplementary Note 2 | A healthy multicellular program linked to cancer immunotherapy

We focused our investigation on CMO08, whose components exhibited moderate spatial consistency
(Fig. 3f) but engaged the most cytokines among CMs (Extended Data Fig. 6g). As previously noted,
CMO8 was enriched in barrier tissues such as the skin, oral mucosa, and other exposed areas (Fig. 2c-
d), where the mucosa plays a key role as the first line of defense against pathogens.

The DIALOGUE analysis identified an MCP, which we termed the “CMO08 program” for its substantial
upregulation in CMTOS8 (primarily skin and oral mucosa) compared to non-CMTO08 samples (P < 2.7
x 1071, mixed-effects test) (Supplementary Fig. 9a-c). This program was associated with inflammatory
responses, such as the Toll-like receptor signaling pathway (CCL3, CCL4, and FOS), antigen
processing (HLA-DMA, HLA-DMB, HLA-DOB, and TAPI), and the TNF signaling pathway (7TNF,
JUNB, NFKBIA, and SOCS3) (FDR < 0.01, hypergeometric test) (Supplementary Table 10). Using
GTEx RNA-seq data, we validated that the CMO8 program was most abundant in the skin
(Supplementary Fig. 9d), consistent with the intrinsic characteristics of barrier tissues constantly
exposed to the external environment. Cytokine analysis and spatial validation indicated that the CM08-
associated niche may be primarily driven by the TNF family members (Extended Data Fig. 5a-b and
Supplementary Fig. 9e-h). These findings suggest that CM08 represents an interplay between innate
and adaptive immunity, supported by recent reports showing that acute skin infection can induce
tissue-resident memory-like natural killer (NK) cells'.

Further, we hypothesized that the CM08 program from healthy context may have clinical implications,
particularly for cancer immunotherapy. To explore this, we examined the association of the CM08
program with patient responses to immunotherapy. Using an RNA-seq cohort of 226 patients with
advanced melanoma treated with PD-1 blockade therapies?, we found that the CM08 program showed
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higher expression in on-treatment samples from responders compared to pre-treatment samples
(Supplementary Fig. 10a). Such changes were not observed in non-responders (Supplementary Fig.
10a), suggesting that the CMO08 program could serve as an indicator of treatment efficacy.

To further assess the relevance of the CM08 program in the context of known immunotherapy markers,
we compared it to established indicators such as tumor inflammation® and cytotoxic signature*. Only
a few genes were shared between the CM08 program and these signatures (Supplementary Fig. 10b),
underscoring that the CMOS program is specific to the intrinsic features of barrier tissues under healthy
condition, rather than being directly tied to the tumor microenvironment. This reinforces the
importance of the CMO08 program in understanding immune properties in both healthy and disease
contexts. Additionally, we compared their performance in predicting treatment efficacy in melanoma
patients undergoing anti-PD-1 therapy. Tumor inflammation and cytotoxic signatures showed
increased expression upon treatment in patients with a complete (CR) or partial (PR) response, as well
as with those with stable disease (SD). In contrast, such change in CM0S8 program was only observed
in responders (CR and PR) and absent in non-responders (SD) (Supplementary Fig. 10c-d). Notably,
this coordinated multicellular response was also evident within individual cell subsets of CMO08
(Supplementary Fig. 10e), reinforcing the concept of functional coordination among these cell subsets
within the CMO08. These findings suggest that the CM08 program may be a more precise indicator of
treatment efficacy for anti-PD-1 therapy. Further investigation is needed to fully uncover the
mechanisms linking multicellular properties in homeostasis with pathological conditions.
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Supplementary Table legends

Supplementary Table 1. Overview of pan-tissue single-cell datasets
Supplementary Table 2. Differently expressed genes of fibroblast subsets
Supplementary Table 3. Overview of spatially resolved transcriptomics datasets
Supplementary Table 4. Responsive cytokines in healthy CMs
Supplementary Table 5. CMO0S5 regulons inferred by pySCENIC
Supplementary Table 6. Gene list of CM12 MCP in the breast
Supplementary Table 7. Overview of pan-cancer single-cell datasets
Supplementary Table 8. Cancer type abbreviations and full names
Supplementary Table 9. Cancer-associated cell subsets

Supplementary Table 10. Gene list of CM08 MCP

Supplementary Table 11. Responsive cytokines in cCM02
Supplementary Table 12. Gene list of cCM02 MCP
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