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SUMMARY

TGF-p induces senescence in embryonic tissues. Whether TGF- in the hypoxic tumor
microenvironment (TME) induces senescence in cancer and how the ensuing senescence-
associated secretory phenotype (SASP) remodels the cellular TME to influence immune
checkpoint inhibitor (ICI) responses are unknown. We show that TGF-p induces a deeper
senescent state under hypoxia than under normoxia; deep senescence correlates with the degree
of E2F suppression and is marked by multinucleation, reduced reentry into proliferation, and

a distinct 14-gene SASP. Suppressing TGF- signaling in tumors in an immunocompetent
mouse lung cancer model abrogates endogenous senescent cells and suppresses the 14-gene
SASP and immune infiltration. Untreated human lung cancers with a high 14-gene SASP
display immunosuppressive immune infiltration. In a lung cancer clinical trial of ICls, elevated
14-gene SASP is associated with increased senescence, TGF- and hypoxia signaling, and poor
progression-free survival. Thus, TME-induced senescence may represent a naturally occurring
state in cancer, contributing to an immune-suppressive phenotype associated with immune therapy
resistance.

In brief

Using cell culture and mouse tumor models, Matsuda et al. show that the TGF-B-hypoxic
tumor microenvironment induces a physiological deep senescent state with a 14-gene immune-
suppressive SASP. Non-small-cell lung cancer patients with high TGF-p and hypoxia signaling
and the 14-gene SASP exhibit poor clinical outcome after I1CI therapy.

Graphical Abstract
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INTRODUCTION

Senescence is associated with prolonged or irreversible growth arrest and is an integral
feature of embryonic development, aging, and age-related degenerative diseases.12 Rather
than a fixed cellular state, senescence is considered to be a continuous process with multiple
intermediate states ranging from early to late or deep senescence,3~° the underlying biology
of which is not understood. In cancer, senescence is documented under three settings: in
premalignant states,® upon forced oncogene expression,” and in response to therapies.8:9
Whether senescence also represents a naturally occurring cell state in cancers contributing to
the heterogeneity of malignant tumors is unclear.

Senescent cells secrete bioactive proteins, and this is known as the senescence-associated
secretory phenotype (SASP),10 which is variable and context dependent.11-13 SASP induces
pro-tumorigenic phenotypes, including angiogenesis* and the epithelial-to-mesenchymal
transition (EMT).1® It also promotes immune cell infiltration that can either eliminate
senescent cells®:17 or protect neighboring cancer cells from cytotoxic immune cells.18-20
SASP can also induce paracrine senescence through secretion of transforming growth factor
B (TGF-B).21-23 Tissue-derived TGF-B itself induces senescence in developing embryos24
and it partially contributes to oncogene-induced senescence.?! Together, these facts suggest
that TGF-P in the microenvironment is a key inducer of senescence in multiple contexts.

In cancer, it is unclear whether TGF-p prevalent in the tumor microenvironment (TME)2>
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induces senescence in a subset of tumor cells as part of a naturally occurring cell-state
transition.

TGF-B in the TME is secreted by the tumor cells,28 stromal cells,2” and immune cells.28
TGF-B signaling is relayed through Smad2/3-dependent?® and independent pathways.3? The
majority of /n vitro studies with TGF-, the activity of which is context dependent, have
been performed using experimental models maintained under supraphysiological oxygen
levels (21%, which we will refer to as normoxia), and they do not accurately mimic the
complexity of the oxygen gradient within the TME. The median oxygen concentration in
normal and diseased human tissues ranges from 0.2% to 7.5% depending on tissue type,
with physiological hypoxia in tumors ranging from 1% to <5%, creating an inherently
heterogeneous microenvironment,31:32

TGF-p and hypoxia induce overlapping tumorigenic phenotypes, including vascularization,
immune evasion, fibrosis, and EMT.33:34 They also induce diametrically opposite
phenotypes; TGF-B induces senescence,3® whereas hypoxia inhibits senescence and
maintains a stem cell niche.36 While these observations rely on individually testing

either TGF-B or hypoxia, these two factors are critical physiological components of the
TME, making it imperative to interrogate their combined influence on cell states such as
senescence.

Here, we show that TGF-p, in the physiologically hypoxic TME, induces a deep state of
senescence and that senescence is a physiological state in a fraction of cells within lung
cancers. Cancer cells undergoing deep senescence secrete an immunosuppressive 14-gene
SASP associated with adverse clinical outcome in lung cancer patients receiving immune
checkpoint inhibitors (ICls). Thus, cancers may be exploiting naturally occurring senescence
to modulate their immune microenvironment as a mechanism to evade effective anti-tumor
immunity.

TGF-p induces different levels of senescence depending on environmental oxygen
concentration

To determine how oxygen concentration influences TGF-B-induced senescence, A549 lung
cancer cells (wild-type p53; INK4A deleted) were propagated under normoxia (21% O,) or
hypoxia (4% O5). Multiple hypoxia markers (SLC2A1, PGK1, ALDOA, ALDOC, PKM)
were significantly induced upon switching cells from 21% O, to 4% O, (Figure S1A;

p < 0.001). TGF-p treatment (5 ng/mL, 15 days) under both conditions led to the appearance
of large, flattened cells reminiscent of senescence. Cells positive for B-galactosidase (p-gal)
activity, a senescence marker, increased under hypoxia and normoxia, showing that TGF-f
induces senescence (Figure 1A), which increases over time (Figure S1B). Hypoxia alone
did not increase p-gal positive cells (Figures 1A and S1B). Similar results were observed in
human hepatoma and esophageal cancer lines, HEPG2 (wild-type INK4A; wild-type p53)
and TE4 (mutant p53), respectively (Figure S1C).
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p21 protein, contributing to cellular senescence by inhibiting the activity of cyclin-
dependent kinases (CDKs) such as CDK2 and CDK4,37:38 was suppressed by 10-fold in
hypoxic cells compared with normoxic cells (Figure 1B). This is consistent with hypoxia
suppressing senescence.3%-42 The kinetics of TGF-B-induced p21 under normoxia and
hypoxia, however, were different. TGF-f increased p21 protein by 2-fold in normoxic A549
cells after 15 days. In hypoxic cells, TGF-p induced p21 much earlier, by 7-fold at day 3 and
by 15-fold at day 15 (Figure 1B). TGF-p also induced comparable levels of H3K9Me3 foci,
another marker of senescence,3 in hypoxic and normoxic cells (Figure S1D). Very little
apoptosis was observed under either condition (Figure S1E).

To further investigate differential oxygen concentration effects on senescence, we enriched
cells with high p-gal activity. TGF-p-treated normoxic and hypoxic cells stained with
SPIDER-BGal were sorted based on p-gal activity. The p-gal-low and p-gal-high
populations were defined as the bottom and top 20%, respectively, of the observed
distribution (Figure 1C). p-gal activity of sorted populations was confirmed by -gal
staining (Figure 1D). In western blots, B-gal-high populations expressed high p21 levels
compared with untreated controls and -gal-low populations (Figure S1F). DAPI and
anti-tubulin staining of -gal-high cell populations to visualize DNA and microtubules,
respectively, identified mono-, bi-, and multinucleated cells (Figure 1E). Binucleated and
multinucleated cells did not increase under hypoxia compared with normoxia. TGF-B
increased the binucleated cell fraction by ~7-fold in B-gal-high normoxic cells (untreated,
3% = 3.8%; treated p-gal high, 22% + 6.0%; p < 0.001) and by ~2-fold in B-gal-high
hypoxic populations (untreated, 8% + 6.2%; treated $-gal high, 17% = 8.4%; p = 0.015)
(Figure 1F). However, there was >30-fold increase in cells with multiple nuclei in the TGF-
B-treated B-gal-high hypoxic population (untreated, 1% * 1.8%; treated B-gal-high, 34% +
10.9%; p < 0.001) (Figure 1F) compared with ~3-fold increase in TGF-B-treated p-gal-high
normoxic cells (untreated, 1.4% + 2.4%; treated p-gal-high, 5.7% + 3.2%; p = 0.004) (Figure
1F). TGF-B-treated hypoxic HepG2 and TE4 cells also showed significant increases in
multinucleated cells (Figures S2A-S2D).

To determine whether the senescence phenotype can be recapitulated with physiological
TGF-p levels produced by cancer-associated fibroblasts (CAFs), we co-cultured A549 cells
with CAFs derived from two different lung cancer patients.** The TGF-B1 concentration

in supernatants of the two patient-derived CAFs ranged from 1.3 to 2.2 ng/mL (CAF#1,
2.17-2.33 ng/mL, mean 2.2 ng/mL; CAF#2, 1.25-1.5 ng/mL, mean 1.3 ng/mL). This
concentration, although lower by ~2- to 3-fold, is comparable to the 5 ng/mL recombinant
TGF-p used in our /n vitro experiments (Figure S2E).

mCherry-labeled A549 cells were co-cultured under hypoxia with unlabeled lung CAFs at

a 1:1 ratio for 15 days. p-gal-positive A549 cells were sorted based on mCherry positivity
and quantified. TGF-B-treated hypoxic tumor cells were used as positive control. TGF-f
increased the senescent tumor cell fraction, as did co-culturing with the two lung CAFs.

The TGF-p inhibitor SB431542 suppressed TGF-B-induced and CAF-induced senescence
(Figure S2F). The degree of senescence induction by lung CAFs was commensurate with the
lower concentrations of TGF-P secreted by these cells compared with the 5 ng/mL TGF-$
used /n vitro (Figures S2E and S2F). Further, DAPI and tubulin staining of p-gal-high
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A549 cells co-cultured with CAFs showed increased multinucleated cell fraction (Figure
S2G; untreated, 8.7% * 3.2%; TGF-B-treated, 40.7% *+ 9.9%; p < 0.001; without CAF, 8.7%
+ 3.2%; with CAF, 35.6% + 10.0%; p < 0.001). Thus, exposure to physiological levels of
TGF-B produced by lung CAFs in a hypoxic microenvironment induces multinucleated
senescent cells.

To evaluate whether these B-gal-high senescent cells resume proliferation, we sorted p-gal-
high single cells from TGF-B-treated normoxic and hypoxic cultures into medium without
TGF-B and monitored their ability to form colonies after 7 days. The ability of B-gal-high
hypoxic cells to resume proliferation was significantly reduced compared with p-gal-high
normoxic cells (Figure 1G). Upon TGF-p withdrawal, B-gal-high normoxic cells were just
as sensitive as untreated control cells to docetaxel and cisplatin; similarly cultured TGF-B-p-
gal-high hypoxic cells were resistant to drug treatment (Figures 1H and S2H).

These findings show that TGF-f, depending on environmental O, concentration, induces
different degrees of senescence. Since B-gal-high hypoxic cells exhibit a more severe
senescence phenotype marked by multinucleated cells, reduced ability to resume
proliferation, and continued drug resistance, we will refer to this condition as deep
senescence (D-senescence) and the senescence in TGF-B-treated normoxic cells as early
senescence (E-senescence).

Dosage of activator E2Fs and E2F targets gradually declines during progression into deep

senescence

To define the mechanism responsible for promoting E- and D-senescence, we performed
RNA sequencing (RNA-seq) of p-gal-high E- and D-senescent populations. Given the
increased multinucleated phenotype in D-senescence, we interrogated whether paracrine
senescence signatures,?1:23 and cell-cycle, DNA-replication, and DNA-damage gene
signatures (Figure S3A; Table S1), typically associated with senescence,* are different
across these populations. While paracrine senescence signatures were elevated in D-
senescent cells, cell-cycle, DNA-replication, and DNA-damage signatures, defined by
differential expression of >800 leading-edge genes, were suppressed in these cells compared
with E-senescent cells (Figures 2A and S3A). Hypergeometric gene set enrichment analysis
(GSEA) of motif enrichment of these >800 gene promoters showed E2F DNA binding motif
enrichment (p = 3.47e — 06). RNA-seq analysis showed that E2F targets are suppressed as
cells progress from E- to D-senescence (p < 2e — 16; Figures 2B and 2C).

The prototypical cell-cycle regulator E2F1 is suppressed by TGF-B.%6 It is significantly
repressed in E-senescent cells but further suppressed in D-senescent cells, as were other
activator E2Fs (E2F2and E2F3) (p < 0.05; Figure 2D). Repressor E2F expression (E2F4,
EZF5, E2F6, and E2F7) remained unaltered across these samples (Figure S3B). Activator
EZFs were also suppressed by TGF- in hypoxic HepG2 and TE4 cells (p < 0.05; Figure
S3C).

The gradual decline in the dosage of activator E2Fs and their targets was also observed
during Ras oncogene-induced senescence (Ras-OIS), which is partially dependent on TGF-p
signaling.2! Analysis of published transcriptomic data following oncogenic Ras-OIS of
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human lung fibroblasts*’ showed a gradual decline in activator E2Fs (E2F1 and E2F3)
(p = 0.0023; Figure 2E) and E2F targets (p < 2.2e — 16; Figure 2F) as cells progress toward
senescence.

These findings suggest that a gradual decline in the dosage of activator E2Fs and E2F targets
driving critical cellular pathways may contribute to the intermediate senescence states as
cells progress from a proliferative state into E- and subsequently D-senescence.

Depletion of E2F phenocopies deep senescence

We then determined whether TGF-B-mediated E2F suppression contributes to the strong
senescence phenotype observed in D-senescence. Small hairpin RNAs (ShRNAs) against
E2F1 suppressed £2F1 by 87.0% £ 0.004% and 97.1% + 0.001% compared with controls
(Figure 3A). E2F1 knockdown (KD) led to the acquisition of a large flattened morphology
and increased B-gal positivity (Figure 3B). E2F KD did not reliably increase binucleated
cells. However, it significantly increased the multinucleated cell fraction irrespective of
oxygen concentration (Figures 3C-3E). Thus, E2F suppression alone phenocopies the
multinucleation observed in TGF-p and hypoxia-induced D-senescence, supporting a critical
role for E2F in this phenomenon.

A 14-gene SASP is elevated in D-senescent cells

SASP is a key feature of senescence. Genes contributing to SASP activity are highly
dependent on senescence-inducing stimuli.1? To determine whether SASPs associated with
E- and D-senescence differ, we compared RNA-seq data from these two populations (n = 3
biological replicates). The expression of 14 targets, including the inflammatory cytokines
CCL2, CCL5, CCL7, IL1A, IL1B, and IL32(and SCGZ, INHBA, INHA, WNT7A, CSF2,
TNFRSF11B, GREM1, and CMTMS3), was increased by >2-fold in D-senescent cells
(Benjamini-Hochberg corrected p < 10 %; Figures 4A, S4A, and S4B).

Physiological hypoxia was shown to suppress SASP in cell culture and in normal tissues
through activation of AMP-activated protein kinase (AMPK), which suppresses mTOR-NF-
xB signaling.*® We also observed mTOR activity being suppressed by hypoxia; however, it
was further reduced in TGF-p/hypoxia-induced D-senescent cells (Figure S4C). Despite the
robust suppression of mTOR, the 14-gene SASP is elevated in D-senescent cells, suggesting
a mammalian target of rapamycin (mTOR)-independent SASP induction. The discrepancy
between our observation and the results reported by van Vliet et al.*% could be reflective of
differences in cell systems as well as the inducers used: hypoxia alone (in normal tissues)*®
vs. hypoxia and TGF-B (in cancer) used in our experiments.

Lung cancers with high expression of 14-gene SASP exhibit an immune-suppressive
microenvironment

To extend these findings to human cancer, we analyzed published single-cell RNA-seq

data derived from treatment-naive metastatic lung adenocarcinomas.® This study profiled
changes in the cellular components of the TME (immune, endothelial, and stromal cells)
during lung cancer progression.>? It included RNA-seq of 208,506 single cells from normal
lung and metastatic lung cancer; 31,136 cells within this dataset were identified as malignant
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based on copy number variation.>® They were derived from 32 patient-derived lung cancers.
Using canonical marker gene expression, cell lineages within tumors were annotated as
stromal (fibroblasts and endothelial cells) and immune cells (T, natural killer [NK], B,
myeloid, and mast cells).50

We stratified these lung tumors based on the cancer cell fraction expressing the 14-gene
metagene signature: a lung cancer cell was defined to be 14-gene-low or 14-gene-high

if the value of the 14-gene signature for that cell was below the 25t or above the 751
percentile, respectively, of the values of the 14-gene signature for all 31,136 malignant cells.
For each patient, fractions of 14-gene-low (blue) and 14-gene-high (red) cancer cells were
quantified (Figure 4B). We then classified the top 13 tumors harboring >80% of tumor

cells expressing a high 14-gene signature as “14-gene-high” (stage IV, nine patients; stage
I1IA, two patients; stage I, two patients) and the bottom 13 tumors (<60% of tumor cells
expressing the 14-gene signature) as “14-gene-low” (stage 1V, nine patients; stage I11A,

two patients; stage I, two patients) (Figure 4B). TGF- signaling was significantly higher

in tumor cells in the 14-gene-high tumors compared with the 14-gene-low tumors (Figure
4C). Consistent with Ras-OIS being partially dependent on TGF-B signaling,? the 14-gene-
high lung cancers showed significant overlap with lung cancers with high REACTOME
Oncogene Induced Senescence signature (p = 0.0088). Consistent with TGF-f being the most
important SASP factor for paracrine senescence,?! paracrine senescence signatures3 were
significantly elevated in the 14-gene-high tumors (Figure 4D).

Quantification of tumor-infiltrating cells across the 14-gene-high and 14-gene-low lung
cancers showed no significant difference in myofibroblast- (Figure S4D) or tumor-derived
endothelial cell (EC) infiltration (Figure S4D) between the two groups. However, there

was extensive remodeling of the immune microenvironment (IME) in 14-gene-high lung
cancers. There was increased infiltration of multiple immune cell types. This included those
with cytolytic function (NK cells [p = 0.0029], cytotoxic CD8* T cells [p = 0.027], NK-T
cells [p = 0.023]; Figures 4E and 4F) and immune cells with immune-suppressive and tumor-
promoting functions (T regulatory cells [Tregs] [p = 0.034], monocyte-derived macrophages
[Mo-Macs] with immune-suppressive properties [p = 0.00049],%9 exhausted CD8* T cells

[p = 0.016]; Figures 4E and 4F). We also observed increases in other immune cells, CD4*
Th (p = 0.022), naive CD4* (p = 0.0077), CD8" low (p = 0.0035), naive CD8" (p = 0.018),
monocytes (p = 0.0051), and follicular B lymphocytes (p = 0.029), in the 14-gene-high lung
tumors (Figure S4E). These findings show that elevated tumor cell-specific expression of
D-senescence-associated 14-gene SASP correlates with highly complex remodeling of the
IME in lung cancers with infiltration of immune cells of opposing activities (Figures 4E, 4F,
and S4E).

We then determined whether the IME of 14-gene-high lung cancers is biased toward being
immune suppressive or tumor suppressive by analyzing the ratios between NK and cytotoxic
CDS8™ T cells and Tregs or Mo-Macs. We observed that the ratios of Tregs to cytotoxic
CD8* T cells (p = 0.033) and exhausted CD8* T cells to cytotoxic CD8* T cells (p = 0.04),
as well as the ratios of Mo-Macs to cytotoxic CD8* T cells (p = 0.017) and Mo-Macs

to NK cells (p = 0.0034), were significantly higher in 14-gene-high lung cancers (Figure
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S5A), suggesting remodeling of the IME toward immune suppression in this subset of lung
cancers.

We then investigated whether the net increase in immune-suppressive cell types (Mo-Macs
+ Tregs) is greater than the net increase in cytolytic immune cells (CD8* T cells + NK

cells + NK-T cells), thus skewing the increased immune infiltration observed in 14-gene-
high non-small-cell lung cancers (NSCLCs) toward immune suppression. The mean for
14-gene-high patients minus the mean for 14-gene-low patients is significantly greater for
immune-suppressive cells than for cytolytic cells with an interactive p value of 0.0016
(interaction estimate = 1). Thus, the net increase in immune cells in the 14-gene-high
NSCLCs is biased toward increased infiltration of immune-suppressive cell types (Mo-Macs
and Tregs) compared with cytotoxic cells (cytotoxic CD8* T cells + NK cells + NK-T cells)
(Figure 4G).

As a control, we also analyzed for differences in microenvironmental changes after
stratifying these lung cancers based on high and low expression of the REACTOME SASP
signature and other published SASP signatures and observed no significant differences in
immune infiltrates between the two groups, suggesting the specificity of the 14-gene SASP
elevated in D-senescent cells.

Kim et al., using a CellPhoneDB cell-cell interaction map, inferred significant interactions
between Mo-Macs and tumor cells through interactions between TGF-B1 and TGF-p type
11 receptor (TGF-BR2), and TGF-B1 and the aVh6 complex, in these lung cancers.>0
Consistently, we observed that Mo-Macs in the 14-gene-high lung cancers had elevated
TGF-B1 expression compared with 14-gene-low samples (p = 0.026; Figure S5B); there was
no difference in TGF-B expression in myofibroblasts across the groups (p = 0.56; Figure
S5B).

These findings show that high tumoral expression of the distinct 14-gene SASP (elevated
in the TGF-B/hypoxia-induced D-senescence) may represent an inherent program within a
subset of lung cancers to promote an immune-suppressive microenvironment.

14-gene SASP-high non-small-cell lung cancers treated with immune checkpoint inhibitors
exhibit poor clinical outcomes

To determine whether the SASP induced by a TGF-B-rich hypoxic TME would influence
clinical outcomes, we analyzed the TCGA dataset from lung adenocarcinoma patients
(TCGA_LUAD). Cox proportional hazards modeling showed that patients with a high
14-gene metagene signature exhibited poor overall survival (log rank p = 0.030; Figure
5A); relapse-free survival in these patients was also poor, trending toward significance

(log rank p = 0.063; Figure S6A). TGF-p and hypoxia signaling pathways, as well as
senescence signatures, were significantly elevated in the 14-gene-high group compared
with the 14-gene-low group (Figures 5B and 5C, TGF-f signaling, Wilcoxon p = 4.5e — 40;
hypoxia signaling, Wilcoxon p = 5.2e — 46; paracrine senescence, Acosta et al.,2 Wilcoxon
p = L.1e — 50; Teo et al.,23 Wilcoxon p = 1.6e — 36).
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To address whether the 14-gene SASP, which induces an immune-suppressive TME, would
adversely influence response to ICI therapy, we analyzed a cohort of NSCLC patients

(n = 44) receiving ICI therapy (Table S2). Samples in this study correspond to patients
treated with anti-PD(L)1 (programmed death-ligand 1) therapy either as a single agent

or in combination with other therapies. Progression-free survival (PFS) was as defined
from the time of initiation of treatment with a PD(L)1 agent until the first evidence of
clinical/radiographic progression. RNA-seq data from tumors collected prior to initiating
ICI show that NSCLC patients expressing higher 14-gene SASP in their tumors exhibited
poor PFS at the 1-year landmark (log rank p = 0.014; Figure 5D). PFS was also poor across
the entire follow-up period (mean, 316 days; range, 4 to 1,039 days) and trended toward
significance (log rank p = 0.065; Figure S6B). Further, TGF-p and hypoxia signaling and
paracrine senescence signatures were significantly elevated in 14-gene SASP-high tumors
(Figures 5E and 5F; TGF-p signaling, Wilcoxon p = 1.6e — 05; hypoxia signaling, Wilcoxon
p = 8.2¢ — 05; paracrine senescence signatures, Acosta et al.,21 Wilcoxon p = 4e — 06; Teo et
al.,23 Wilcoxon p = le — 04). Together, the 14-gene SASP expressed during TGFp/hypoxia-
induced D-senescence creates an immune-suppressive microenvironment that contributes to
poor response to ICI therapy in NSCLC patients.

TGF-g induces a naturally occurring senescent cell state in an immune-competent mouse
lung cancer model

To determine whether TGF-p/hypoxia-induced senescence and SASP /n vitro represent a
naturally occurring cell state in lung cancers and might be directly responsible for changing
the IME, we turned to the Lewis lung carcinoma cell (LLC) immune-competent mouse
tumor model.>! TGF-B-treated LLC cells undergo senescence 7 vitro (Figure S7A). TGF-
BR2-KD in LLC cells (Figure 6A) reduces TGF-p-induced Smad3 phosphorylation (Figure
S7B) but does not impair LLC proliferation /n vitro (Figure S7C). -gal staining of tumors
identified senescence in 0.14% + 0.12% (mean * SD; range, 0.03%-0.38%) of tumor

cells in the control tumors (n = 5 mice; 2 tumors/mouse). Senescent cells were present as
either single cells or small clusters. This senescence phenotype was severely reduced in
TGF-pR2-KD tumors (mean + SD; 0.027% + 0.02%; range, 0.003%—0.066%); Figure 6B;
p = 0.036). A raw intensity histogram of p-gal stain counts shifted from strong to weak
from control to TGF-pR2-KD tumors (Figure S7D). p21 staining of the tumors showed

a significant decline in the percentage of p21 positivity in shTGF-BR2 tumors compared
with controls (Figure S7E). Quantification of western blot showed that the ratio of the
senescence marker H3K9Me3 to the epithelial tumor cell marker E-cadherin (Figure 6C;
H3K9Me3:E-cadherin ratio) was also reduced in the TGF-BR2-KD tumors compared with
control tumors (p = 0.0021).

Of the 14 genes of the SASP, 12 were suppressed in TGF-BR2-KD tumors compared with
controls (Figure 6D). WNT7A did not change and /L32is not expressed in mice. We then
quantified immune cells by fluorescence-activated cell sorting (FACS) to determine whether
impairing TGF- signaling in tumors would alter the IME. The TGF-BR2-KD tumors
compared with controls exhibited significantly reduced immune infiltration of CD45* cells
(p = 0.005; Figure 6E).
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Consistent with the extensive immune infiltration observed in 14-gene-high human lung
cancers, the TGF-BR2-KD tumors, compared with controls, showed declines in multiple
immune cell types: CD3* T cells p = 0.014), CD8" T cells (p = 0.033), CD4™" Tregs

(p = 0.002), FoxP3*Tregs (p = 0.01), macrophages (p = 0.001), and myeloid cells (p = 0.02).
B cells, NK cells, granulocytes, and monocytes remained unchanged between the two
groups (Figures 6F—6H). The ratios of myeloid:NK decreased from 1.39 to 0.67 (p = 0.04;
Figure 61) and Treg:NK decreased from 1.03 to 0.65 (p = 0.055; Figure S7F) in the control
to TGF-pR2-KD tumors, respectively. Staining for granzyme B, a marker of cytotoxic
lymphocytes,>2 showed a decline in TGF-BR2-KD tumors compared with controls Figure
S7G). Together, the results show that TGF-p signaling in the tumor cells themselves is
responsible for inducing a senescence phenotype in LLC tumors and an ensuing immune-
suppressive microenvironment.

DISCUSSION

Here, we identify a D-senescent state induced by TGF-B in a hypoxic microenvironment and
a distinct 14-gene immune-suppressive secretory signature associated with this phenotype.
This was confirmed in an immune-competent mouse lung tumor model, in which the
prevalence of senescent cells, the 14-gene SASP, and an immune-suppressive phenotype
were all dependent on tumor cell-specific TGF- signaling. Indeed, patients with lung
cancers harboring elevated expression of the 14-gene immune-suppressive SASP exhibit
poor PFS on ICI therapy. Thus, senescence and the ensuing SASP induced by naturally
occurring microenvironmental signals (TGF-p and hypoxia) may be exploited by tumors
to promote anti-tumor immunity with clinical implications for patients receiving immune
therapies.

The continuum of senescence

Senescence is a continuum of heterogeneous states with variable SASP, highly dependent
on the inducer. We show that TGF-B-induced senescence states are dependent on ambient
oxygen concentrations and range from E-senescence to D-senescence, which is associated
with irreversibly arrested multinucleated cells. B-gal, p21, and H3K9Me3 levels were

not able to differentiate between E- and D-senescence. Additional evaluation of nuclear/
cytoplasmic architecture, cell-cycle reentry, and drug sensitivity identified the different
degrees of senescence induced by TGF-p under varying oxygen concentrations.

We previously reported that TGF-p-treated normoxic cells exhibit cytokinesis failure
resulting in binucleated cells that eventually divide, giving rise to daughter cells, which
experience chromosome segregation defects resulting in genomic instability.>3 In contrast,
D-senescence induced by TGF-P under hypoxia is truly irreversible. While E-senescence
may contribute to tumorigenesis through resumed proliferation of cells with genomic
instability, we hypothesize that D-senescence mediates its effect primarily through a
potent SASP. From a mechanistic standpoint, declining dosage of activator E2Fs and E2F-

dependent processes may contribute to the dynamic continuum of senescence, suggesting the

need for tight regulation of its levels for maintenance of cellular homeostasis.
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TGF-g in TME induces senescence in cancer

TGF-B contributes to senescence during development®® and to Ras-OIS,22 suggesting that
the TGF-B-rich TME may induce senescence in at least a subset of cancer cells. We show
that senescence/SASP observed in LLC tumors at baseline is indeed mediated through
TGF-p in the TME. Although all tumor cells harbor TGF-BR2, senescence is likely to occur
only in tumor cells residing within hypoxic pockets, which possibly safeguards/preserves
the proliferating fractions within the tumors. Further, patient-derived lung cancers with

high 14-gene SASP also harbor elevated TGF-p and hypoxic signaling and senescence
signatures. These findings suggest that TGF-p in the hypoxic TME induces senescence,
which may represent a physiologically occurring cancer cell state, which is advantageous for
remodeling the microenvironment to evade immune surveillance and immune therapies.

Remodeling of the IME by the 14-gene SASP elevated in D-senescent cells

Many immune cells—macrophages, NK cells, CD8* T cells, and CD4* T cells—are
attracted by the SASP to eliminate senescent cells in tumors expressing exogenous
oncogenes.>* The SASP can also support an immune-suppressive environment to promote
tumor progression through recruitment of myeloid cells, which suppress NK cells,18 or
myeloid-derived suppressor cells that prevent CD4*, CD8*, and NK cell expansion.>®

A publicly available well-annotated single-cell transcriptomic dataset®0 enabled us to
simultaneously interrogate the infiltration of >50 immune cell, fibroblast, and EC subtypes
in patient-derived lung cancers expressing higher levels of the hypoxia/TGF-p-induced
14-gene SASP. It did not affect EC and fibroblast infiltration in these cancers but led to an
IME biased toward an immune-suppressive phenotype.

SASP and response to immune checkpoint inhibitors

Senescence induction and SASP by drug treatment, manipulating oncogene addiction, or
adoptive transfer of SASP-activated cells remodel the immune or vascular microenvironment
and sensitize tumors to ICls in mouse tumor models.56-59 Our analysis of patient-

derived lung cancers suggests that elevated senescence and 14-gene SASP induced by

the physiological microenvironmental factors TGF-f and hypoxia in a subset of tumors

may contribute to remodeling of their IME, enabling them to mount resistance to ICls.
Collectively, this provides clinical evidence linking TME-induced senescence and SASP
interfering with response to ICI therapy and identifies possible biomarkers for patient
selection.

TGF-B secretion by stromal fibroblasts and immune cells contributes to immune exclusion
in tumors,%9-62 and TGF-B inhibitors, which suppress TGF-p signaling in the TME, promote
immune infiltration and improve PD1/PDL1 therapy responses in mouse models.89:62 We
show that, in addition to causing immune exclusion through its effect on non-tumor
cells,50-62 TGF-B also creates an immune-suppressive environment through induction of

a senescent tumor cell-driven SASP. Thus, TGF-B may function at multiple levels to create a
tumor-permissive immune cell milieu.

In conclusion, TGF-B-rich hypoxic TME-induced senescence in a small fraction of tumor
cells may represent an inherent cell state in cancers. The SASP associated with this cell-state
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transition is likely a major contributor to the composition of the tumor IME and response to
ICls. These observations are of significant interest, given the anticipated testing of TGF-B
inhibitors in diverse human cancers.

Limitations of the study

Using cell culture and mouse and human studies, we show that senescence represents a
naturally occurring cell state in cancers. This phenomenon needs to be validated with a
larger cohort of mouse and human tumors using multiple markers that detect senescence /n
situ. Our findings raise the possibility that SASP might contribute to the heterogeneity in the
IME within tumors. Spatial profiling of the IME around senescent cells in tumors is required
to further evaluate the role of senescence in cancers. Finally, in human NSLCs, the 14-gene
signature elevated in D-senescent cells is associated with increased senescence and TGF-p
and hypoxic signaling; additional studies testing responses to ICI therapy in appropriate
mouse tumor models in which TGF-p and hypoxia signaling is manipulated will provide
direct evidence that the physiological senescence state in cancers indeed plays a role in ICI
responses.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to Shyamala Maheswaran (maheswaran@helix.mgh.harvard.edu).

Materials availability—This study did not generate new reagents.

Data and code availability

. RNA-seq data used for Figure 2 has been deposited at GEO and will be made
publicly available as of the date of publication. The accession number is GEO:
GSE223037 and listed in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

LLC tumor growth in mice—All animal experiments were performed according to

the animal protocol (2010N000006) reviewed and approved by MGH Subcommittee on
Research Animal Care. Mice were maintained under a 12 h light and 12 h dark cycle in

the animal facility at MGH. One million LLC cells (LLC-shControl and LLC-shTGFRR2)
were transplanted subcutaneously into the right and left flanks of six-week-old C57BL/6
(male) mice. Tumors were harvested at day 14. Tumor tissues were collected immediately,
immediately weighed and processed to prepare a single-cell suspension for immune
characterization. For immunohistochemistry and tissue-specific SA-R-gal assay, tumor tissue
sections were processed using formalin solution and OCT to snap freeze, respectively.
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METHOD DETAILS

Cell culture—Human lung cancer cell line, A549 (p53 wildtype; p16 deleted), was grown
in Dulbeccco’s modified medium (DMEM). Human liver cancer cell line, HepG2 (p53
wildtype; p16 wildtype), was grown in DMEM: F12 medium. Human esophageal squamous
cell carcinoma cell line, TE4 (p53 mutant), was grown in RPMI 1640 medium. Lewis

lung carcinoma cells (LLC; mutant KRAS) were grown in ATCC-formulated DMEM. All
the above cell lines were purchased from ATCC. Patient derived lung cancer associated
fibroblasts (gift from Dr. Cyril Benes, Massachusetts General Hospital, MA 02129%4) were
grown in RPMI 1640 medium. All cell culture media described above were supplemented
with 10% female fetal bovine serum and penicillin/streptomycin. To induce senescence,
A549 and LLC cells were treated with 5 ng/mL TGFR (R&D Systems) for the time periods
indicated in the figure legends. All cell lines were authenticated and tested for mycoplasma
contamination.

Flow cytometry analysis and cell sorting—SA-p-galactosidase staining was
performed using a Cellular Senescence Detection Kit-SPiDER-BGal (Dojindo, Kumamoto,
Japan) in accordance with the manufacturer’s protocol. Briefly, cells were incubated

with Bafilomycin for 1 hour followed by SPiDER-BGal solution for 30 min. Cells were
trypsinized and analyzed by flow cytometry (BD LSRFortessa Cell analyzer) and Flowjo
software (FLOWJO, LLC). For cell sorting, samples were processed by BD FACSAria
Fusion with 100 micron nozzle at 4°C.

Viral infection—Lentiviral short hairpin RNA constructs against E2F1 and the TGFR type
Il receptor (TGFRR2) were obtained from the RNAi Consortium shRNA Library at the
Broad Institute and Sigma Aldrich, respectively. Conditioned medium containing infective
lentiviral particles was generated by co-transfecting 3 pg of lentiviral vector, 3 ug of pPCMV
08.91 and 1 pg pHCMV-VSV-G into 2 x 106 293T human embryonic kidney cells using
X-tremeGENE HP DNA transfection reagent (Roche Applied Science). Supernatants were
collected 48 hours after transfection and filtered through a 0.45 um membrane (Millipore).
The cells were directly infected using 8 ug/mL of polybrene.

Target sequences against each gene within the lentiviral short hairpin RNA constructs are
shown below:

TGFRR2 KD:
shControl: CCTAAGGTTAAGTCGCCCTCG (Addgene: 136035)

ShTGFRR2: GCTCGCTGAACACTACCAAAT (Sigma Aldrich: TRC0000022626
NM_009371.2-20091c1)

E2F1 KD (RNAi Consortium shRNA Library at the Broad Institute)
shE2F#1: TAACTGCACTTTCGGCCCTTT

ShE2F#2: CATCCAGCTCATTGCCAAGAA
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gqPCR—RNA was isolated using RNeasy Mini kit (Qiagen) and mRNA quantitation was
performed using SYBR Green in an ABI PRISM 7500 sequence detection system with
96-block module and automation accessory (Applied Bio-system). GAPDH was used as an
internal control. All samples were analyzed in triplicate. The primer sequences are listed in
the Table S3.

Western blot—Antibodies used were against the following proteins: p21 (Cat #: sc-397;
Santa Cruz), H3K9Me3 (Cat #: 8898, Abcam), E-cadherin [Cat #: 3195s, Cell Signaling
Technology (CST)], TGFR type Il receptor (TGFRR2) (Cat #: 79424s, CST), B-Tubulin
(Cat#2146, CST) and GAPDH (SAB2108266, Sigma-Aldrich). Cells were lysed in Laemmli
buffer [150 mM Tris, pH6.8/3.75% SDS/15% glycerol/5% 2-Mercaptoethanol/0.01%
brilliant blue], or RIPA lysis buffer [20 mM Tris, pH8.0 150 mM NaCl, 10 mM NaF,

0.1% SDS, 1% Nonidet P-40, 1X protease inhibitor mixture (Roche)]. Lysates were run on
SDS-4-15% polyacrylamide gels (Bio-Rad) and transferred onto Nitrocellulose membrane
(Invitrogen). Secondary antibodies used were goat anti-rabbit 1gG (Cat #: 170-6515,
BioRad) and goat anti-mouse 1gG (Cat #: 1706516, BioRad). Immunoblots were visualized
with a Western Lightning Plus chemiluminescence kit (PerkinElmer).

LLC tumors harvested from mice were lysed in RIPA Buffer (Cat #: BP-115X, Boston
BioProducts) supplemented with Halt™ Protease inhibitor cocktail (Cat #: 78425, Thermo
Scientific). Protein concentration was determined using Pierce™ BCA Protein Assay Kit
(Cat#: 23227, Thermo Scientific). Protein lysates (10 ug per sample) were separated on
SDS/4-15% polyacrylamide gels (Bio-Rad) and transferred onto nitrocellulose membranes
(Invitrogen). After blocking with 5% BSA buffer for 1 hour at room temperature,
membranes were incubated with primary antibodies overnight at 4°C, followed by the
relevant HRP-conjugated secondary antibody (Cat#: 7074; CST) and visualized using
Clarity Western ECL Substrate (BIORAD) and G box (Syngene).

Proliferation and drug resistance assays—For drug resistance assays, cells (5 x 103)
were plated in individual wells of a 96-well plate (n = 96) and incubated overnight. The
next day, drugs were added to each well and cell viability was evaluated on day 3. Briefly,
80 pL CellTiter Glo solution (CellTiter-Glo Luminescent Cell Viability Assay; Promega)
was added into each well. Plates were then incubated for an additional 15 min at room
temperature and luminescence was determined. The cell counts for 3 wells/time-point were
averaged for each group and the data was used to derive growth curves.

For evaluating cell proliferation following TGFRR2 knockdown, shControl and shTGFRR2

knockdown cells (1,000 cells/well) were seeded in a 96-well plate in quadruplicates in 100

pL of media. Viability was measured using CellTiter-Glo Luminescent Cell Viability Assay
was performed as described above at days 0, 3 and 5.

Staining procedures

a) Senescence associated (SA)-beta-galactosidase staining: SA R-galactosidase staining
was performed using the Senescence Cells Histochemical Staining Kit (Cat # CS0030;
Sigma-Aldrich). Briefly, cells were fixed and incubated with freshly prepared staining
solution overnight according to manufacturer instructions. The percentage of positively
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stained cells was determined by counting ten random fields. Images of representative fields
were captured under 200X magnification.

For SA-beta-galactosidase staining of tumors, samples were immediately frozen in OCT
solution at —80°C and sections of 4 um were prepared. Slides were either frozen or
immediately proceeded for senescence-associated SA-B-gal staining, which was performed
according to manufacturer’s instructions. Counter staining was performed using Eosin

Y (Alcohol-based, Cat #: HT110116, Sigma Aldrich). Slides were mounted with DPX
mounting media (Cat # 06522, Sigma Aldrich). The percentage of positivity was determined
by counting ten random fields. Images of representative fields were captured under 10x
magnification.

We also acquired raw intensity histogram of 3-gal stain counts of the control and shTGFRR2
LLC tumors by taking all pixels in the color deconvolved -gal images. We then removed
the masked regions (debris) and white pixels (glass) and normalized them by the total
number of pixels within each image (to remove image size bias).

b) Immunofluorescence staining: Cells were plated overnight in a 4-well chamber
slide (Millipore) coated with poly-L-lysine (Sigma), fixed with 4% paraformaldehyde, and
washed with PBS. Fixed cells were then permeabilized with 0.5% TritonX100 in PBS,
blocked with 5% BSA, and stained with an anti-H3K9Me3 antibody (Cat #: 8898, Abcam),
anti-tubulin antibody (Cat #: NB100-690, NOVUS) and 4”,6-diamidino-2-phenylindole
(DAPI). Coverslips were mounted with anti-fade agent, Prolong with DAPI (Invitrogen).
Photomicrographs were taken with the NIKON 90i microscope or with the confocal Zeiss
LSM170. Analysis and quantification of the mitotic events of interest were performed with
ImagelJ software (NIH).

c) Immunohistochemistry: Paraffin-embedded tissue sections from shControl and
shTGFRR2 tumors were placed in a dry incubator at 65°C for 1 hour and dehydrated by

the following treatments: xylene (3 min x 2), 100% Ethanol (2 mins x2; 70% Ethanol

(2 mins), 50% Ethanol (2 mins), 30% Ethanol (2 mins), dH,0 (3 mins), TBST (3 mins).
For antigen retrieval, slides were semi-dried and placed in 1x citrate buffer (AP-9003—

500, thermo scientific) and placed inside a pressure cooker for 20 mins at a low-pressure
program (Cuisinart electric cooker). Slides/sections were then cooled at room temperature
and washed once with dH,0. Sections were marked with a hydrophobic pen and blocked
with BLOXALL solution (SP-6000, Vector labs) for 15 mins. Sections were then washed
once with TBST for 1-2 mins and incubated with the following primary antibodies at the
given concentration in antibody diluent solution (S0809, Dako) for 1 hour: anti-p21 (1:250,
ab188224, Abcam); anti-granzyme B (1:200, 14-8822-80, ThermoFischer). Sections were
washed with TBST (2 mins x2) and incubated with respective secondary antibodies (anti-
rabbit RTU, K4003, DAKO, for p21, and anti-rat for Granzyme B) for 30 mins. Sections
were then washed with TBST (2 mins x 2) and incubated with DAB solution (NovaRED
substrate kit, SK-4800, Vector labs) for 8-10 mins. Counterstaining was performed using
Hematoxylin for 15 secs, followed by tap water washes until clear. Finally, the sections were
dehydrated with increasing ethanol conc in reverse order of dehydration provided above and
mounted with mounting media (ProLong Diamond antifade mountant, P36965, Invitrogen).
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ELISA for TGFR1—Supernatants from CAF1 and CAF2 cultured in RPMI 1640 with
10% FBS and 1%Pen-Strep was harvested and determined for the levels of TGFR1 using
Quantikine ELISA Human/Mouse/Rat/Porcine/Canine TGFR1 (Cat No. DB100C, R&D
Systems) as per the manufacturer’s instructions. RPMI 1640 1640 with 10% FBS and
1%Pen-Strep was used to determine the basal levels of TGFR1 in the media.

Quantification of SA R-galactosidase stains—Images were acquired at 10x on an
inverted Nikon Ti-S microscope. White balancing was applied to all images using the
ImageJ plugin by Vytas Bindokas and Patrice Mascalchi. Images were then quantified
using Halo software (Indica Labs) Area Quantification module. Color deconvolution was
performed to isolate blue beta-gal signal from pink eosin. Pixels with strong blue staining
were identified using a global intensity threshold. The output data table was analyzed using
R. The percentage of strong beta-gal stain to total tissue area was computed and a Wilcoxon
test was applied across the two conditions, shcontrol and shTGFRR2.

Quantification of immune infiltration into LLC tumors—Tumor pieces were washed
with PBS to remove excessive blood and were minced with a scalpel. Tissue digestion was
performed with collagenase/hyaluronidase cocktail (Cat #07912: Stemcell Technologies)

in DMEM medium at 37°C on a rocker for 1 h. The tissue solution was then passed
through a 70 um filter to obtain a single-cell suspension. Single-cell suspensions were
stained with specific monoclonal antibodies (primary antibodies directly conjugated)

to assess the phenotype and diluted 1:200. The antibodies used were: CD45 (Cat #:
MCD4501, Invitrogen); Ly-6G (Cat #: 60031PB.1, StemCell Technologies Inc); Ly6C (Cat
#: 17-5932-82, Life Technologies), CD11b (Cat #: 53-0112-82, Life Technologies); F4/80
(Cat #: 17-4801-80, Life Technologies), B220 (Cat #: 17-0452-82, Life Technologies),
CD3 (Cat #: 11-0031-82, Life Technologies), CD8 (Cat #: 100712, BioLegend), CD4 (Cat
#: 48-0041-82, Life Technologies), NK1.1 (Cat #: 108706, BioLegend), FoxP3 (Cat #:
17-4801-80, Life Technologies). For flow gating, we used isotype controls of fluorescence
(Cat #s: 17-4321-81, 12-4714-42 and 12-4888-81, Life Technologies). Samples were
acquired on a BD Fortessa. Data were analyzed using FlowJo software.

The quantification of each immune cell type was done by FACS sorting of a total of 10,

000 cells following enzymatic digestion of control and shTGFRR2 tumors and staining of
dissociated cells with antibodies described above. The program then removed cell doublets
from the analysis and the number of positives were obtained as a percentage of each immune
cell type present in the tumor.

RNA sequence and gene set enrichment analysis—A549 cells were incubated
under either normoxia or hypoxia in the presence of TGFR for 15 days.

Cells were stained with SPIiDER-BGal and sorted into Gal-high and R-gal-low groups.

We had 3 biological replicates for each condition shown below:
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Condition B-Gal TGF treatment (days)

Hypoxia 0
Hypoxia High 15
Normoxia 0

Normoxia  High 15

According to the manufacturer’s protocol, amplified cDNA was then generated using

the SMARTer Ultra Ultra-Low-input RNA kit, version 4 (Clontech Laboratory) followed
by Nextera® XT DNA Library Preparation kit (1llumina) for sample barcoding and
fragmentation. Briefly, 1 uL of a 1:50,000 dilution of ERCC RNA Spike-In Mix (Thermo
Fisher) was added to each sample. First-strand synthesis of RNA molecules was performed
using the poly-dT-based 3’-SMART CDS primer 1l A (Clontech) followed by extension
and template switching by the reverse transcriptase. The second strand synthesis and
amplification polymerase chain reaction (PCR) was run for 18 cycles, and the amplified
cDNA was purified with a 1x Agencourt AMPure XP bead cleanup (Beckman Coulter).
The Nextera XT DNA Library Preparation kit (I1lumina) was used for sample barcoding
and fragmentation according to the manufacturer’s protocol. One nanogram of amplified
cDNA was used for the enzymatic tagmentation, followed by 12 cycles of amplification
and dual-index barcoding of individual libraries. PCR product was purified with a 1.8x
Agencourt AMPure XP bead cleanup (Beckman Coulter). To validate and quantitate the
Libraries, a quantitative PCR using the KAPA SYBR® FAST Universal gPCR Kit (Kapa
Biosystems) was performed. The individual libraries were pooled at equal concentrations,
and the pool concentration was determined using the KAPA SYBR FAST Universal gPCR
Kit. The pool of libraries was subsequently sequenced on a NextSeq (lllumina).

We compared the RNA-seq expression of Hypoxic B-Gal High vs Normal B-Gal High
samples using the differential analysis tool DESeg?2 (9). Low expression genes (i.e. those
with a sum total read count <10 across samples) were removed from all downstream
analysis. Benjamini-Hochberg correction was used to correct for multiple hypothesis testing.
Gene read counts were regularized log-transformed for further downstream visualization
and analysis. Broad GSEA functional enrichment of the GO biological process gene sets
collection from MSigDB v6.2 based on log2 fold change pre-ranked gene lists were
determined using the standalone gsea2—2.2.2.jar tool (parameters: 10,000 permutations,
minimum gene set size = 15) (1,2). Enriched gene sets with a multiple hypothesis test
corrected p-value of less than 0.25 were considered significant.

Identification of gene patterns—Broad GSEA functional enrichment of the hypoxia

vs normal (B-gal high) RNA-seq log2 fold changes was performed. We focused on the
enrichment of 45 selected GO biological process gene sets associated with cell cycle, DNA
replication and DNA repair. The leading-edge genes across the selected 45 gene sets were
collected yielding a list of 840 genes. The leading-edge gene sets were visualized in heatmap
format colored by the appropriate gene specific hypoxia vs normal t-statistic.
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Motif enrichment—L.ists of predicted transcription factor motif associated gene sets
were collected from regulatory target collection 3 found in MSigDB (v5.2). Using a
hypergeometric overlap calculation, we were able to identify the sets of motifs significantly
enriched in the 3 expression gene patterns defined previously. Each enrichment was
calculated relative to all expressed genes as the background and the p-values were corrected
for multiple hypothesis testing using the Benjamini-Hochberg method. Significant motif
enrichments were defined using an FDR<O0.1 threshold. All statistical analyses and plots
were done in R [13].

Differential cytokine expression analysis—A full list of genes associated with GO
Cytokine activity was downloaded from MSigDB (v6.2). We calculated fold changes

across replicates between 3-Gal high and untreated for hypoxia and normal conditions
using the DESeq2 r-log transformed expression data. Differential expression between

fold changes in early and deep senescent cells was performed using a Student’s T-test.
Multiple hypothesis corrected p-values (FDR) were obtained using the Benjamini-Hochberg
correction. Significant genes were identified with an absolute fold change =1 and an
FDR<0.1. Differential expression results were visualized using a volcano plot and fold
changes of up-regulated cytokine activity genes are visualized as a bar plot.

Activator E2F- and E2F target gene expression analysis—Reads from RNA-seq
data described above were first cleaned using Trim Galore (v0.4.3) (https://github.com/
FelixKrueger/TrimGalore), and the trimmed reads were then aligned to human reference
genome (hg19) using TopHat2 (v2.1.1).54 Gene counts was determined using HTSeq
(v0.6.1).53 Quantile normalization and batch effect correction were performed using package
RUVSeq (v1.24.0).55

For RAS oncogene induced senescence (RAS-OIS) time series data (6 time points (0,

24, 48, 72, 96 and 144 h) for 2 biological replicates), raw Affymetrix HTA 2.0 array
intensity data were download from the NCBI Gene Expression Omnibus (GEO) accession
GEO: GSE112084.47 Data were imported into R (v4.0.3) and processed as described in.4’
Briefly, data were normalized using the robust multi-array average normalization approach
implemented in package o/igo (v1.54.1), and internal control probe sets and lowly expressed
probe sets (lower than the 4" expression decile) were removed, and finally batch effects
were corrected using the sva (v3.38.0) package.

E2F target genes were collect from the Hallmark _E2F Targets gene set in Molecular
Signatures Database (MSigDB) v7.5.1.96.67 Statistical analyses were performed to compare
E2F genes and E2F targets expression across different time points/conditions (detailed
methods were described in Figures), and plots were generated using the ggp/ot2 (v3.3.5)
package.

Analysis of single-cell RNA sequencing data from patient-derived

lung cancers—Lung scRNA-seq data was downloaded from GEO GSE131907.

To determine cell type, we used the “Cell_subtype” column of the file
“GSE131907_Lung_Cancer_cell_annotation.txt”. We considered cells with “Cell_subtype”
equal to “Malignant cells”, “t1”, “t2”, or “t3” to be cancer cells. Expression of the 14-gene
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SASP signature in the TCGA LUAD dataset was defined as the mean over the 14 genes of
the log2 (normalized FPKM + 1).

The Cox proportional hazards model was fit and plotted using the ggforest function

of version 0.4.6 of the survminer R package. Other plotting and statistical tests were
implemented using base R version 3.1.2 or 3.6.1. We normalized the log2 expression data
downloaded from GEO GSE131907 as follows: For each cell, we calculated the average
log2 expression level over all genes. We called the average of all those averages the global
average. For each cell, we then subtracted the average log2 expression level for that cell
from the log2 expression levels for that cell and added the global average to the log2
expression levels for that cell.

To investigate whether the increased presence/infiltration of immune cells in the 14-gene
high NSCLC samples compared with the 14-gene low samples is skewed towards a greater
increase in immune suppressive cells than cytolytic immune cells creating a net balance
towards immune suppression, we fit the following linear model to the data:

¥y~ Bo+ Bl + By + B e nlidp,

in which y is (number of cells of a given immune cell type)/(number of cancer cells), I, is
1 if the datum measures the immune suppressive cells, 0 if it measures cytolytic immune
cells, and 1 is 1 if the datum is from a 14-gene high patient, 0 if it’s from a 14-gene

low patient. The p terms are determined by the model fitting algorithm so that the model

best fits the data. This analysis shows that the increased presence of immune cells in

the 14-gene-high NSCLC samples is biased towards increased infiltration of the immune
suppressive mo-Macs compared with the cytotoxic CD8+ cells.

Immunotherapy clinical cohort collection—All patients in the clinical cohort were
consented through the IRB-approved umbrella sequencing protocol Massachusetts General
Hospital #13-416. Samples in this study correspond to patients treated with anti-PD(L)1
therapy either as single agent or in combination with other therapies between 2013 and
2019. Best overall response was assessed by RECIST v1.1%8 using standard of care clinical
imaging (or in a subset of cases, imaging obtained as part of a clinical trial protocol).
Progression free and overall survival were defined from the time of treatment start with

a PD(L)1 agent until the first evidence of clinical/radiographic progression or death,
respectively, and censoring was based on the date of last follow-up.

Immunotherapy cohort RNA-seg—RNA-Seq was performed at the Genomics Platform
of the Broad Institute of Harvard and MIT as described previously.59.70 In brief, RNA

was extracted from FFPE specimens using the Qiagen AllPrep DNA/RNA Mini Kit (cat#
80204), followed by library preparation and sequencing using the TCap (Transcriptome
Capture) protocol (genomics.broadinstitute.org/products/whole-transcriptome-sequencing).
RNA-Seq data was processed using the GTEx RNA-Seq pipeline (GTEx Consortium,

2020) with use of the GENCODE v19 reference transcriptome, followed by quality control
evaluation using the RNA-SeQC2 pipeline {Graubert, 2021 #111} GTEx Consortium,
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2020). Sample QC was assessed via the associated quality metrics in the pipeline, median
exon coefficient of variation (CV) and number of genes detected, with outliers being
excluded from further analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using R or GraphPad Prism 9.2.0 (GraphPad
Software). Detailed information about statistical analysis, including statistical tests
performed to determine p values and Mean + SD is provided in figure legends. Sample size
(the number of animals or cells), the number of technical replicates, definitions of center and
dispersion, and statistical methods for individual experiments were given in the respective
figure legend, methods, and results.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

TGF-B under hypoxia induces irreversible deep senescence with a 14-gene
SASP

Deep senescence is a naturally occurring immune-suppressive cell state in
cancer

NSCLC patients with high 14-gene SASP exhibit poor clinical outcome after
ICI therapy
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Figure 1. TGF-B induces different degrees of senescence depending on oxygen concentration
(A) TGF-B induces senescence in normoxic and hypoxic cells. A549 cells were treated

with 5 ng/mL TGF- for 15 days and stained for p-gal activity. Left: photomicrographs

of B-gal-stained untreated and TGF-B-treated cells. Scale bar: 20 um. Right: quantification
of percentage of B-gal-positive cells. Mean + SD was calculated from imaging 10 random

fields. *p < 0.05 by two-tailed unpaired Student’s t test; n = 3 biological replicates.

(B) TGF-p induces p21 in normoxic and hypoxic cells. Western blot showing p21 protein

in A549 cells treated with 5 ng/mL TGF-g for 0, 3, and 15 days. p21 band intensity
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quantification is provided below. p21 expression in untreated normoxic cells was set at 1.
GAPDH was used as loading control; n = 2 biological replicates.

(C) Schematic showing B-gal-high senescent population enrichment. TGF-B-treated hypoxic
and normoxic A549 cells (5 ng/mL for 15 days) were sorted after SPiDER-BGal staining.
B-gal-low and B-gal-high populations, defined as the bottom and top 20% of the observed
distribution, respectively, were collected for downstream analysis. Representative data from
three biological replicates are shown.

(D) The B-gal-low and B-gal-high populations collected as described in (C) were cultured
for 24 h and stained for B-gal. Bar graph shows percentage of p-gal-positive cells in each
condition. Untreated A549 cells were used as control. Mean + SD was calculated from
imaging 10 random fields. *p < 0.05 by two-tailed unpaired Student’s t test; n = 3 biological
replicates.

(E) Multinucleated cells are prevalent in TGF-B-treated hypoxic cultures. The p-gal-high
cells collected from TGF-B-treated (5 ng/mL, 15 days) hypoxic and normoxic cultures

were stained with DAPI (red) and tubulin (green). Untreated cells were used as control.
Photomicrographs of cells under each condition are shown. Scale bar: 50 um. Far right
images: higher-magnification images of binucleated (upper, normoxia) and multinucleated
(lower, hypoxia) cells in highlighted images. Scale bar: 10 pm. Representative data from two
biological replicates are shown.

(F) Quantification of binucleated and multinucleated cells in g-gal-low and p-gal-high
populations sorted from TGF-B-treated (5 ng/mL, 15 days) hypoxic and normoxic A549
cells. Untreated cells are shown as controls. Mean + SD was calculated from imaging 10
random fields. *p < 0.05 by two-tailed unpaired Student’s t test; n = 3 biological replicates.
(G) B-gal-high TGF-p-treated hypoxic cells exhibit reduced ability to resume proliferation.
TGF-p-treated (5 ng/mL, 15 days) hypoxic and normoxic A549 cells were sorted for p-gal
activity and seeded as single cells into 96-well plates. Colony formation of single cells in
medium without TGF-B was monitored after 7 days. Bar graph shows fraction of wells with
colonies for each condition; n = 2 biological replicates; mean + SD; *p < 0.05 by two-tailed
unpaired Student’s t test.

(H) TGF-B-treated p-gal-high hypoxic cells are resistant to drug treatment. The -gal-low
and B-gal-high populations from TGF-p-treated hypoxic and normoxic A549 cells were
cultured for a day without TGF-p and treated with increasing concentrations of docetaxel for
72 h. Graph shows relative viability of cells for each condition (y axis) under different drug
concentrations (x axis). Untreated cells (TGF- [-]) are shown as controls; n = 2 biological
replicates. *p < 0.05 by two-tailed unpaired Student’s t test. See also Figures S1 and S2.
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Figure 2. Gradual decline in the dosage of E2F-mediated gene expression as cells progress into
deep senescence

(A) RNA-sequencing data from p-gal-high cells from TGF-p-treated (5 ng/mL, 15 days)
hypoxic and normoxic A549 cultures were evaluated for differential expression of 4
paracrine senescence signatures,?123 45 cell-cycle (n = 31), DNA-replication (n = 4), and
DNA-damage response (n = 10) signatures (see Figure S3A). Heatmaps of gene set scores
show significant differences in these pathways in deep-senescent cells (D-sen; p-gal-high-
TGF-p-treated hypoxic cells) compared with early-senescent cells (E-sen; B-gal-high-TGF-
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B-treated normoxic cells). The scales for log2 fold change and log false discovery rate
(FDR) are provided.

(B) E2F target gene expression is reduced in D-senescent cells. Heatmap shows gradual
decline in E2F-target genes in E-sen and D-sen A549 cells compared with untreated
normoxic and hypoxic cells; n = 3 biological replicates.

(C) The bar graph (mean = SD) provides the log2 fold change in E2F target genes quantified
from samples shown in (B); n = 3 biological replicates; ****p < 2.5e-16 was calculated
using ANOVA.

(D) Activator E2Fs, E2F1, E2F2, and E2F3 are suppressed in D-senescent cells. Activator
E2F expression in untreated normoxic, hypoxic, E-sen, and D-sen A549 cells is shown; n = 3
biological replicates; p values were calculated using ANOVA.

(E) The dosage of activator E2Fs gradually decreases during Ras oncogene-induced
senescence (Ras-0OIS). Analysis of a time-series RNA-sequencing dataset {0, 24, 48, 72,

96, and 144 h] from human lung fibroblasts (WI-38) undergoing OIS with RasV12 (GEO:
GSE112084) is shown; n = 2 biological replicates; **p = 0.0023 was calculated using
Kruskal-Wallis test.

(F) The bar graph (mean £ SD) shows gradual decline in E2F target genes during Ras-OIS
in the samples described in (E). The y axis shows log2 fold change in expression; n = 2
biological replicates; ****p < 2.2e—16 was calculated using ANOVA. See also Figure S3
and Table S1.
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Figure 3. Suppression of E2F phenocopies in deep senescence
(A) gPCR of relative E2F1 mRNAs in cells infected with two different E2F1 shRNAs.

shGFP was used as control; n = 3 biological replicates. Data are represented as mean + SD;
*p < 0.05 by Student’s t test.

(B) E2F1 suppression induces senescence. E2F1-KD A549 cells were stained for -gal
activity. Left: photomicrographs of p-gal-stained control and E2F1-KD cells. Scale bar: 50
um. Right: percentage of B-gal-positive cells for each condition; n = 3 biological replicates.
Data are shown as mean + SD; **p < 0.01 and ***p < 0.001 by two-tailed unpaired
Student’s t test.

(C) E2F1 knockdown increases multinucleated cells irrespective of oxygen concentration.
Control and E2F1-KD A549 cells were stained with DAPI (red) and tubulin (green). Left:
photomicrographs of cells cultured under hypoxia and normoxia. Higher magnification
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of highlighted multinucleated cells is shown on the right. Scale bars: 50 pm (low
magnification) and 20 um (high magnification). Representative data from two biological
replicates are shown.

(D and E) Bar graphs show percentage of binucleated (D) and multinucleated (E) E2F-KD
Ab549 cells grown under hypoxia and normoxia. ShGFP is shown as control; n = 3 biological
replicates. Mean + SD was calculated from imaging 10 random fields. *p < 0.05 by two-
tailed unpaired Student’s t test; n.s, not significant. See also Table S3.
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Figure 4. Lung cancers with high 14-gene SASP exhibit an immune-suppressive

microenvironment

(A) A 14-cytokine SASP is elevated in deep-senescent cells. Bar graph shows log2 fold
change in cytokines/growth factors constituting the 14-gene SASP elevated in D-senescent
cells compared with E-senescent cells; n = 3 biological replicates for each condition (see
Figures S4A-S4C). Significantly different cytokines were selected based on Benjamini-
Hochberg corrected p < 10 % and >2-fold differences in gene expression.
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(B) Stratification of 31 treatment-naive metastatic lung cancers based on the fraction of
tumor cells with high and low 14-gene metagene signature in each patient. Fractions of 14-
gene low (blue) and 14-gene high (red) cancer cells in each patient are shown. We defined
the top 13 tumors harboring >80% of tumor cells expressing a high 14-gene signature as
“14 genes high” and the bottom 13 tumors with <60% of tumor cells expressing the 14-gene
signature as “14 genes low” (marked within the green boxes).

(C) TGF-p signaling is significantly elevated in the tumor cell compartment of the 14-gene-
high NSCLCs compared with 14-gene-low samples (*Wilcoxon p = 0.026).

(D) Paracrine senescence signatures23 (paracrine/O1S*8 and secondary senescence from time
course/top overlap only [*Wilcoxon p = 0.012]; secondary senescence from co-culture/OIS
from co-culture and secondary senescence from time course/OIS from time course

overlap only [*Wilcoxon p = 0.016]) are elevated in 14-gene-high treatment-naive NSCLCs
compared with 14-gene-low NSCLCs.

(E) Increased immune cell infiltration in lung cancers with higher fraction of tumor cells
with high-14-gene expression. Quantification of each class of tumor-infiltrating immune
cells (normalized to the number of cancer cells in each sample) across 14-gene-high and
14-gene-low lung cancers is shown. Asterisks mark the immune cell subtype significantly
elevated in 14-gene-high lung cancers. *p < 0.05 was calculated using two-sample two-sided
Wilcoxon test.

(F) Boxplots showing the fraction of indicated immune cell type residing within each lung
cancer sample in 14-gene-high and -low groups. p < 0.05 was calculated using two-sample
two-sided Wilcoxon test.

(G) Plot showing that the net increase in immune cells in the 14-gene-high NSCLCs is
biased toward increased infiltration of immune-suppressive cell types (Mo-Macs and Tregs)
compared with cytotoxic cells (cytotoxic CD8* T cells + NK cells + NK-T cells). The
linear model used to analyze these data are described in the STAR Methods. The interaction
estimate shows a positive value of 1, indicating that the mean for 14-gene-high patients
minus the mean for 14-gene-low patients is significantly greater for immune-suppressive
cells than for cytolytic cells with an interactive p value of 0.0016. See also Figures S4 and
S5.
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Figure 5. Lung cancers with high 14-gene SASP exhibit poor clinical outcome after ICI therapy
(A) Lung cancers from the TCGA dataset were stratified based on expression of the 14-gene

SASP. High 14-gene SASP expression correlates with adverse clinical outcome by the Cox
proportional hazards model applied to overall survival (p = 0.030).

(B and C) High (i.e., greater than median) 14-gene SASP correlates with (B) high TGF-p
signaling (Wilcoxon p = 4.5e — 40) and high hypoxia signaling (Wilcoxon p = 5.2e — 46) and
(C) high paracrine senescence signatures (Acosta et al.,2 Wilcoxon p = 1.1e — 50; Teo et
al.,23 Wilcoxon p = 1.6e — 31).
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(D) RNA-sequencing data from tumor samples collected from metastatic NSLC patients
prior to initiation of ICI therapy. Cox proportional hazards model shows that high 14-gene
SASP expression in pre-treatment samples correlates with poor PFS at the 1-year landmark
(log rank p = 0.014).

(E and F) High (i.e., greater than median) 14-gene SASP correlates with (E) high TGF-p
signaling (Wilcoxon p = 1.6e — 05) and high hypoxia signaling (Wilcoxon p = 8.2e — 05) and
(F) high paracrine senescence signatures (Acosta et al.,?1 Wilcoxon p = 4e — 06; Teo et al.,23
Wilcoxon p = 1e — 04). See also Figure S6.
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Figure 6. TGF-BR2-KD in tumor cells suppresses senescence and immune cell infiltration in an
immune-competent mouse lung cancer model

(A) Western blot showing knockdown of TGF-BR2 in LLCL. p-tubulin is shown as control.
(B) TGF-pR2-KD suppresses senescence in LLC tumors. shControl and TGF-pR2-KD

LLC1 cells were inoculated into both flanks of C57BL/6 mice (n = 5 mice per group).

Tumors resected after 14 days were stained for p-gal. Photomicrographs show p-gal-
positive senescent cells present as single cells (arrows) or clusters (dashed circle) in two
representative shControl tumors. Scale bar: 100 um. Right: quantification of g-gal positivity
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in shControl and TGF-BR2-KD tumors; percentage of strong B-gal stain to total tissue area
was computed and a Wilcoxon test was applied across the two conditions (*p = 0.026); n=5
tumors for each condition.

(C) The senescence marker H3K9Me3 is reduced in TGF-BR2-KD tumors. Quantification of
western blot of proteins from shControl and TGF-BR2-KD tumors with antibodies against
H3K9Me3 and E-cadherin. Bar graph shows the ratio of H3K9Me3:E-cadherin (H3K9Me3
expression in the epithelial tumor compartment) in tumors; n = 5 tumors/condition. Bar
graph shows mean + SD. **p = 0.0021 by two-tailed unpaired Student’s t test.

(D) SASP activity is reduced in TGF-BR2-KD tumors. RNA from shControl and TGF-BR2-
KD tumors was analyzed for 14-gene SASP expression. Heatmap shows fold change in
expression; shControl was set at 1; n = 5 tumors/condition. 1L-32 is not expressed in mouse
cells.

(E-H) TGF-pR2-KD in tumor cells suppresses immune cell infiltration. Immune cells in
shControl and TGF-BR2-KD tumors were quantified by FACS after staining for immune
cell subtypes shown. The percentage of each immune cell type in shControl and TGF-
BR2-KD tumors is shown. Significant decreases were observed in CD45* cells (p = 0.005),
CD3* T cells (p = 0.014), CD8" T cells (p = 0.033), CD4* Tregs (p = 0.002), FoxP3* Tregs
(p = 0.01), macrophages (p = 0.001), and myeloid cells (p = 0.02) in ShTGF-BR2-KD tumors.
Granulocytes, monocytes, B cells, and NK cells were not significantly altered (ns); n =5
tumors/condition. Bar graphs shows mean + SD. The p values *p < 0.05 and **p < 0.01
were calculated by multiple unpaired Student’s t test.

(I) TGF-BR2-KD in tumors significantly reduced the ratio of myeloid:NK cells compared
with shControl tumors; n = 5 tumors/condition; *p = 0.04 calculated by two-tailed unpaired
Student’s t test. Also see Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-p21 Santa Cruz Cat#sc-397; RRID:AB_632126
abcam Cat#ab8898; RRID:AB_306848

Rabbit polyclonal anti-Histone H3 (tri methyl
K9)

Rabbit monoclonal anti-E-cadherin
Rabbit polyclonal anti-TGF-f Receptor |1
Rabbit polyclonal anti-B-Tubulin

Rabbit polyclonal anti-GAPDH

Goat anti-rabbit 1IgG (H+L) Secondary
Antibody, HRP

Goat anti-mouse 1gG (H+L) Secondary
Antibody, HRP

Anti-rabbit 1gG, HRP-linked Antibody

Rabbit monoclonal anti-tubulin
Rabbit monoclonal anti-p21

Rat monoclonal anti-granzyme B
Rat monoclonal anti-CD45

Rat monoclonal anti-Ly-6G

Rat monoclonal anti-Ly6C

Rat monoclonal anti-CD11b

Rat monoclonal anti-F4/80

Rat monoclonal anti-B220

Armenian hamster monoclonal anti-CD3

Rat monoclonal anti-CD8

Rat monoclonal anti-CD4

Mouse monoclonal anti-NK1.1

Phospho-S6 Ribosomal Protein (Ser240/244)
Antibody

Phospho-S6 Ribosomal Protein (Ser235/236)
Antibody

Phospho-4E-BP1 (Thr37/46) (236B4) Rabbit
mAb

Phospho-Akt (Ser473)

Phospho-Smad3 (Ser423/425) (C25A9)
Rabbit mAb

Smad3 Antibody

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Sigma-Aldrich

BioRad

BioRad

Cell Signaling Technology
NOVUS

abcam

ThermoFischer

Invitrogen

StemCell Technologies Inc

Life Technologies

Life Technologies

Life Technologies

Life Technologies

Life Technologies

BioLegend

Life Technologies

BioLegend
Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology

Cat#3195; RRID:AB_2291471
Cat#79424; RRID:AB_2799933
Cat#2146; RRID:AB_2210545
Cat#SAB2108266

Cat#170-6515;
RRID:AB_11125142

Cat#1706516; RRID:AB_2921252

Cat#7074; RRID:AB_2099233

Cat#NB100-690;
RRID:AB_521686

Cat#ab188224;
RRID:AB_2734729

Cat#14-8822-80;
RRID:AB_468529

Cat#MCDA4501;
RRID:AB_10371770

Cat#60031 PB.1

Cat#17-5932-82;
RRID:AB_1724153

Cat#53-0112-82;
RRID:AB_469901

Cat#17-4801-80;
RRID:AB_2784647

Cat#17-0452-82,
RRID:AB_469395

Cat#11-0031-82;
RRID:AB_464882

Cat#100712; RRID:AB_312751

Cat#48-0041-82;
RRID:AB_10718983

Cat#108706; RRID:AB_313393
Cat#2215; RRID:AB_331682

Cat#4858; RRID:AB_916156

Cat#2855; RRID:AB_560835

Cat#4051; RRID:AB_331158
Cat#9520; RRID:AB_2193207

Cat#9513; RRID:AB_2286450
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
One Shot™ SthI3™ Chemically Competent £, Invitrogen C737303

coli

Biological samples

Immunotherapy Clinical Cohort Collection

Patients treated with anti-PD(L)1 therapy either as
single agent or in combination with other therapies
between 2013 and 2019 at Massachusetts General

Hospital

Umbrella sequencing protocol
Massachusetts General Hospital
#13-416

Chemicals, peptides, and recombinant proteins

Recombinant Human TGF-beta 1 R&D 240-B
SB431542 Sigma Aldrich S4317
Critical commercial assays

Cellular Senescence Detection Kit-SPiDER- Dojindo, Kumamoto, Japan SGO03

pGal

Senescence Cells Histochemical Staining Kit Sigma Aldrich CS0030
RNeasy Mini kit Qiagen 74106
Quantikine ELISA Human/Mouse/Rat/ R&D Systems DB100C
Porcine/Canine TGFp1

SMARTer Ultra Ultra-Low-input RNA kit, Clontech Laboratory 012516
version 4

Nextera XT DNA Library Preparation Kit Ilumina FC-131-1024
ERCC RNA Spike-In Mix ThermoFisher Scientific 4456740
KAPA SYBR® FAST Universal qPCR Kit Kapa Biosystems N/A
X-tremeGENE HP DNA transfection reagent Roche Applied Science 6366236001
Power SYBR Green PCR Master Mix Applied Biosystem 4367659
CellTiter-Glo® Cell Viability Assay Promega G9243
SuperScript™ 111 First-Strand Synthesis Invitrogen 11752-050
SuperMix for gqRT-PCR

HiSpeed Plasmid Midi Kit (25) Qiagen 12643
Pierce BCA Protein Assay kit Thermo Scientific 23227
Deposited data

RNA-seq data This paper GEO: GSE223037
Experimental models: Cell lines

Ab549 ATCC CCL-185
HepG2 ATCC HB-8065
TE4 ATCC HB-207
Patient derived lung cancer associated Dr. Cyril Benes, Massachusetts General Hospital, MA Hu et al 44
fibroblasts 02129

LLC-1 ATCC CRL-1642

Experimental models: Organisms/strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mice (C57/BL6) Charles River Laboratories CCM21211956
Oligonucleotides

Primers used for Real-time PCR reactions See Table S3 N/A

Software and algorithms

FlowJo software FlowJo FlowJo-Win64-10.

Halo software Indica Labs https://indicalab.com/halo/
R software R core team, R foundation https://www.r-project.org/

Ilustrator software (26.5)
Photoshop software (22.3.0)

Fiji software

TrimGalore

TopHat
HTSeq
GraphPad Prism 9.2.0 software

Bio Render

Adobe

Adobe

ImageJ

https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/

https://cch.jhu.edu/software/tophat/index.shtml
See Ref.53,

GraphPad Software

Bio Render software

https://www.adobe.com/products/
illustrator.html

https://www.adobe.com/products/
photoshop.html

https://imagej.net/software/fiji
0.43

211
0.6.1

https://www.graphpad.com/
scientific-software/prism/

CI24XNA2XR
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