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Cellular senescence is a tumor-suppressive mechanism that can paradoxically contribute to

aging pathologies. Despite evidence of immune clearance in mouse models, it is not known

how senescent cells (SnCs) persist and accumulate with age or in tumors in individuals. Here,

we identify cooperative mechanisms that orchestrate the immunoevasion and persistence of
normal and cancer human SnCs through extracellular targeting of natural killer receptor signaling.
Damaged SnCs avoided immune recognition through MMP-dependent shedding of NKG2D

ligands reinforced via paracrine suppression of NKG2D receptor-mediated immunosurveillance.
These coordinated immunoediting processes were evident in residual, drug-resistant tumors

from cohorts of more than 700 prostate and breast cancer patients treated with senescence-
inducing genotoxic chemotherapies. Unlike in mice, these reversible senescence subversion
mechanisms were independent of p53/p16 and exacerbated in oncogenic RAS-induced senescence.
Critically, the p16™ 4 tumor suppressor could disengage the senescence growth arrest from the
damage-associated immune senescence program, which was manifest in benign nevus lesions,
where indolent SnCs accumulated over time and preserved a non-proinflammatory tissue
microenvironment maintaining NKG2D-mediated immunosurveillance. Our study shows how
subpopulations of SnCs elude immunosurveillance and reveals potential secretome-targeted
therapeutic strategies to selectively eliminate — and restore the clearance of — the detrimental SnCs
that actively persist after chemotherapy and accumulate at sites of aging pathologies.

Introduction

Cellular senescence is best known as a cell-intrinsic mechanism that prevents cancer by limiting the pro-
liferation of damaged or malignant cells (1-3). Tumor suppressor pathways involving p53/p21C¢IP1/CDKNIA]
plENK4A/CORN2A /nRb and DNA damage repair factors enforce cell growth arrest in response to genotoxic
stress and oncogenic insults.

Recent reports in mice show that cellular senescence can also regulate immune processes leading to
the elimination of senescent cells (SnCs). In mouse models of hepatocarcinoma and liver fibrosis, restor-
ing p53 function enables senescent tumor cells and stellate cells to be eliminated by NK cells in part via
NKG2D detection, while oncogenic RAS-induced senescence of hepatocytes promotes immune responses
involving CD4" T cells, neutrophils, and macrophages that lead to SnC removal (4-9). In mouse models of
cutaneous wound repair, p53/p21- and pl6-proficient SnCs are cleared after healing is complete (10, 11).
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Notably, however, p53 and p16 are not required to trigger cellular senescence in human tissues/cells, and
many senescence features are p53 or pl6 independent (1, 3, 12), suggesting that additional mechanisms
may regulate the interplay between SnCs and the immune system.

Despite evidence of immune surveillance and clearance of SnCs in mice, SnCs accumulate with age
in patients and are found in inflamed and damaged tissues, premalignant lesions, and arrested tumors and
after chemo- or radiotherapy (12-21). Persistent SnCs can contribute to age-associated pathologies and
tissue dysfunction, including cancer (18, 22-26). These effects have been attributed to the senescence-as-
sociated secretory phenotype (SASP; refs. 12, 27, 28), which includes inflammatory factors secreted by
tissue-resident SnCs (1-3).

Importantly, elimination of persistent SnCs by genetic or pharmacological strategies has been
shown to have beneficial effects in mouse models (22, 23, 29-32). For example, these approaches
reduced chemotherapy side effects and tumor recurrence, and reversed the decline in hematopoie-
sis after irradiation or aging (18, 20, 23, 31, 32). However, results from transgenic models such as
INK-ATTAC and p16-3MR may not be directly translatable in humans, and purging SnCs from tissues
by blocking antiapoptotic pathways activated in SnCs may have side effects limiting their therapeutic
use in patients (33, 34). Alternatively, strategies designed to potentiate the immune recognition of
persistent SnCs could help augment their physiological clearance. For instance, the specific cell surface
overexpression of DPP4 by human senescent fibroblasts supported antibody-dependent cell-mediated
cytotoxicity (ADCC) against SnCs (35).

Understanding the signaling pathways involved in the persistence of SnCs may open new interven-
tion avenues to boost their elimination. Here, we identify immunoediting mechanisms by which persistent
SnCs evade immune clearance, with the potential for developing novel SnC-killing therapies (senolytics) to
restore immune detection and elimination of SnCs, and to improve the outcome of cancer treatments and
mitigate the detrimental effects of aging.

Results

Expression of NKG2D ligands by tissue-resident SnCs in patients. NKG2D ligands (NKG2D-Ls) are cell surface
semaphores that mediate the immune recognition and clearance of cells that are transformed, damaged,
stressed, or infected (36-39). NKG2D-Ls are mostly absent in healthy tissues. Others and we previously
observed an increase in NKG2D-L expression upon senescence induction in vitro in normal human fibro-
blasts (8, 40). However it is not known whether the senescence-associated upregulation of NKG2D-Ls
happens in human tissues where SnCs reside.

To address this, we first measured the expression of NKG2D-L MICA and MICB in laser-captured,
paired tumor samples from 10 patients with prostate cancer before and after mitoxantrone (MIT) treat-
ment, which we previously showed induces cellular senescence based on cell cycle arrest and SASP mark-
ers (12, 41). We found that after senescence-inducing genotoxic chemotherapy, residual tumors expressed
significantly higher levels of MICA/B (Figure 1A). To test whether or not this was limited to prostate
cancer, we performed a meta-analysis of data from breast cancer clinical trials to compare gene expression
profiles of patients who underwent epirubicin/cyclophosphamide (EPR/CTX) therapy versus untreated
patients (376 patients; refs. 42—44). Tumor tissues remaining after genotoxic chemotherapy showed signifi-
cantly elevated expression of MICA/B and hallmarks of senescence-associated growth arrest (Figure 1B).
These results show that DNA-damaging chemotherapies induce tumors to develop a senescence phenotype
associated with elevated levels of NKG2D-Ls. Although this may agree with the notion that SnCs upregu-
late NKG2D-Ls, it is surprising because NKG2D-Ls should promote the immune detection and clearance
of those cells. Thus, other characteristics likely allow these SnCs to elude immune recognition and persist
while expressing elevated levels of NKG2D-Ls.

Intrigued by these observations, we asked whether a similar phenomenon occurs in cutaneous nevi,
in which cells arrest and senesce largely due to p16 expression and persist for long periods in vivo (45,
46). Using transcriptome data comparing normal skin with nevus samples (25 patients; ref. 47), we
found that MICA and -B were not upregulated in nevi (Figure 1C). Not only are these results opposite
to what we found in tumors after genotoxic chemotherapy, but nevi also did not show increased levels
of p21 (Figure 1C), which is a known downstream effector of activated p53 and DNA damage response
(DDR) pathways (3, 48). This suggests that in individuals, some SnCs may not express NKG2D-Ls or
may not signal their presence to the immune system.
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Figure 1. Expression of NKG2D ligands in human senescent tissues. (A) Pairwise comparison of gene expression before and after genotoxic chemo-
therapy in prostate cancer patients. For each patient, laser-captured tumor areas were isolated from prostate biopsies obtained before chemo-
therapy and from prostate tissue after four 4-week cycles of neoadjuvant mitoxantrone (MIT) treatment followed by radical prostatectomy. mRNA
levels were measured by gRT-PCR for 20 paired tumor specimens collected from 10 individuals (linked dots before vs. after treatment [Tx]). Left
panels show expression levels of NKG2D ligands MICA and MICB. Right panels show expression levels of senescence-associated growth arrest genes
p16, p21, and cyclin A1 (CCNA1). P value, Student’s t test; paired; 2 tails. FC, fold change (averaged across patients. Percentage of tumors following
the main trend in changes associated with MIT-treatment is indicated. up, upregulated; down, downregulated (B) Gene expression in tumors from
breast cancer patients treated or not with genotoxic therapy (37 vs. 339 patients). Each box plot displays the median (horizontal red lines), first to
third quartile range (Q1-Q3 or interquartile range [IQR]; blue boxes), minimum to maximum (dashed lines), outliers (red marks). FDR-corrected P
values are shown. EPR/CTX, epirubicin/cyclophosphamide treatment. (C) Gene expression in nevi compared with normal skin (18 vs. 7 individuals).
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Figure 2. p53/p16-independent upregulation of NKG2D ligands in damaged SnCs, but not in CDKI-induced SnCs. (A, C, E, and G) NKG2D ligand mRNA
levels measured by quantitative real-time PCR in fibroblasts. For each gene transcript (MICA/B, ULBP-1, -2, -3), fold changes were first normalized to the
average expression levels across PRE cells, and then values averaged across cell types for each condition. The number of individual samples (n) tested at
least in quadruplicate by TagMan assay is indicated. Profiles are subdivided into 4 blocks: (A) p53/p16 WT XRA or REP senescence. CON, control empty
lentiviral vector. (C) p53/p16-deficient XRA or REP senescence, where the sequence of interventions is annotated as follows: p53/p16-induced deficiency
followed by XRA/REP-induced senescence — SEN (p53-/p16- XRA/REP) (i.e., loss of p53 or p16 before senescence); XRA/REP-induced senescence followed
by p53-induced deficiency — SEN (XRA/REP — p53°) (i.e., loss of p53 after senescence). (E) Transient DDR and ATM-deficient senescence, annotated as
0.5 Gy and ATM-. (G) p16/p21-induced senescence growth arrest, annotated as +p16 or +p21. (B, D, F, and H) Cell surface presentation of NKG2D ligands.

(B) Immunofluorescence of cell surface NKG2D ligands (using recombinant NKG2D receptor coupled to an Fc fragment (rNKG2D/Fc) to detect all NKG2D
ligands [NKG2D-Ls]; top; green) or MICA (antibody against MICA; bottom; red), in PRE versus SEN (XRA) WI-38 cells. Original magnification, x20. Box plots
overlaid on bar graphs of averages show the signal intensity/cell quantification for PRE (n = 580) and XRA (n = 190) cells (box plot length: 25% and 75% of
data; centerline: median; whiskers: 25% - (or 75% +) 1.5 x IQR; dots: outliers; color bars: average (Ave) + SD; P value, 2-tailed Student'’s t test. Immunofluo-
rescence panels in D show cell surface NKG2D ligands in p53-deficient or p16-deficient XRA SnCs; (F) transiently damaged cells (10 days after low-dose [0.5
Gy] radiation); (H) p16-induced SnCs. Original magnification, x20.

These findings show that different kinds of tissue-resident SnCs exist and show distinct immunogenic
phenotypes, hence persisting through different mechanisms. Understanding how SnCs persist could define
new therapeutic interventions to eliminate them where and when needed, for instance, to help restore thera-
peutic sensitivity, prevent cancer relapse, or mitigate aging pathologies (2, 34, 49-51). So we undertook to test
a wide panel of senescence-inducing conditions and senescence regulators (including p53, p16, and p21), and
then developed coculture systems to explore and resolve mechanisms driving the persistence of SnCs.

Severe genotoxic stress induces NKG2D-L upregulation independently of p53/pl6. As a first model, we induced
cellular senescence by DNA damage (10 Gy X-ray [XRA]; or replicative senescence [REP]) in normal human
WI-38, IMR-90, and HCA2 fibroblasts expressing WT p53/p16, or exogenously inactivated p53 (p53°), or
knocked-down p16 (p16°). Controls are provided in Supplemental Figure 1, A-D, and Supplemental Table 1
(supplemental material available online with this article; https://doi.org/10.1172/jci.insight.124716DS1).

We found that mRNA levels of NKG2D-L MICA/B and ULBP-1/2/3 were increased in p53/
plé-proficient XRA and REP SnCs (Figure 2A). Cell-surface abundance of NKG2D-Ls was elevated
in SEN (XRA) compared with presenescent (PRE) cells (Figure 2B). NKG2D-L expression developed
over time (5-7 days after 10 Gy exposure), coinciding with the expression of SASP components (12),
such as IL-7 (Supplemental Figure 2A).
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Although the p53/p21 and pl16/pRb pathways are important effectors of cellular senescence, the
upregulation of NKG2D-Ls in fibroblasts occurred regardless of p53 loss before or after senescence-
inducing damage, and irrespective of their p16 status (Figure 2, C and D; fold changes detailed in Sup-
plemental Table 2, A and B). We observed the same phenomenon in epithelial cells. NKG2D-Ls were
upregulated in p53-deficient prostate cells (PC-3, BPH1, DU145) and breast cells (MCF10A) upon DNA
damage—induced senescence (10 Gy [XRA]; MIT; etoposide [ETO]; Supplemental Figure 2B). Therefore,
p53 and pl6 were not required to induce senescence-associated NKG2D-L expression in response to
radiotherapy, chemotherapy, or telomere shortening (i.e., replicative life span) in normal fibroblasts, and
in immortalized or cancer epithelial cells.

Next, we asked whether transient DDR was sufficient to induce NKG2D-Ls in our model. Fibroblasts
exposed to low-dose irradiation (0.5 Gy), which transiently activates a DDR and ATM (52, 53), did repair
their DNA damage to levels similar to unirradiated controls after >2 days based on numbers of 53BP1 foci
(Supplemental Figure 1E) and did not express elevated levels of NKG2D-L expression (Figure 2, E and F).
This contrasted with NKG2D-L expression in irreversibly damaged fibroblasts exposed to 10 Gy (Figure
2A). We validated these results by stably depleting ATM using sShRNA (ref. 52 and Supplemental Figure
1F); this was followed by 10 Gy irradiation, which resulted in largely reduced NKG2D-L expression in
SnCs (Figure 2E). So, NKG2D-L expression by SnCs required a sustained DDR without necessitating p53
or pl6 tumor suppressors.

pl6/p21-induced senescence growth arrest is disconnected from NKG2D-L expression. In contrast to these
results, our observations in nevi (Figure 1C), where cells arrested and senesced with high levels of p16 but
low levels of NKG2D-Ls, led us to postulate that the induction of NKG2D-L expression by SnCs may
depend on the DDR but not on cell growth arrest per se. SnC cycle arrest is carried out by cyclin-dependent
kinase inhibitor (CDKI) p16 or p21 (1, 28). To mimic the senescence arrest elicited by these CDKIs, we
exogenously overexpressed pl6 or p21 in WI-38 and IMR-90 fibroblasts (controls in Supplemental Figure
1, A, D, G, and H). We found that these cells showed limited changes in levels of NKG2D-L mRNA and
protein (Figure 2, G and H).

This demonstrates that the expression of NKG2D-Ls is not a consequence of CDKIs’ activation or
senescence per se, but rather a response to damage that is separable from the growth arrest. These find-
ings also indicate that, in vivo, p16* cells/SnCs may not necessarily express NKG2D-Ls, as we observed
in patients’ nevi (Figure 1C). Hence, p16 neither establishes nor triggers NKG2D-L expression, and the
immunogenic program of cellular senescence can be dissociated from other senescence characteristics,
including cell cycle arrest and p16 expression.

NKG2D-L expression regulates the balance between clearance and persistence of SnCs. To explore how the
fate of these different types of SnCs may depend on NKG2D-Ls, we cocultured leukocytes with SnCs
or their presenescent counterparts, and measured lactate dehydrogenase (LDH) release as a reporter
of cytotoxicity. We found that IL-2—preactivated primary NK cells were the main effectors of XRA or
REP SnC cytolytic killing (Figure 3A, red bars, and Supplemental Figure 3A). Blocking the NKG2D
receptor significantly prevented the killing of SnCs (Figure 3A, purple bars; increased SnC persistence).
Sensitivity to NKG2D-mediated killing was independent of SnCs’ p53 and pl6 status (Figure 3A).
Moreover, SnCs pretreated with recombinant NKG2D receptor/Fc fusion protein were more suscepti-
ble to killing (Supplemental Figure 3B; decreased SnC persistence). These results show that NKG2D-Ls
are key limiting factors that mediate the immune detection of damaged SnCs and orchestrate the bal-
ance between elimination/clearance and survival/persistence of SnCs.

These results were recapitulated using freshly collected, IL-2—preactivated PBMCs (Figure 3A, blue
and turquoise bars). Similar results were obtained with prostate and mammary epithelial cells induced to
senesce with genotoxic agents (MIT, ETO, XRA; Supplemental Figure 3, C and D). Cells that recovered
from low-dose irradiation (0.5 Gy) remained impervious to killing, further supporting that severe genotoxic
stress is a driver of NKG2D-L—-dependent immunosurveillance.

Additionally, other cell surface molecules such as DNAM-1 ligands (DNAM-1-Ls) (CD112, CD155),
which can also trigger targeted cytolytic responses of NK and T cells (54, 55), were increased in XRA or
REP SnCs (Supplemental Table 2A). However, blocking the DNAM-1 receptor had limited impact on SnC
clearance/persistence in coculture (Supplemental Figure 3E), thus indicating that NKG2D-Ls — but not
DNAM-1-Ls — were primary mediators of SnC recognition and cytolysis in our model. Since the fate of
SnCs is likely tightly regulated by a fine-tuned balance between activating and inhibitory ligands (37), we
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also tested whether the senescence program may induce a loss of inhibitory ligands HLA-E and -C. The
limited changes we observed (Supplemental Table 2A) further suggest that the levels of NKG2D-Ls may
act as the main molecular threshold driving SnC clearance in our model system.

To further assess these SnC clearance results, we maintained SnCs or presenescent cells in long-term
coculture conditions with primary PBMCs (Figure 3B). After 10 days in direct coculture, nearly 90% of
XRA or REP SnCs had been cleared, regardless of their p53 or pl6 status, while ATM-deficient XRA
SnCs and 0.5 Gy-irradiated cells remained mostly resilient to clearance (Figure 3B and Supplemental
Figure 3F). The killing of damaged SnCs was associated with high levels of granzyme B (GRZB), IFN-y,
and TNF-a in the media of direct cocultures, regardless of SnCs’ p53 status (Supplemental Figure 3,
G and H), indicating activation of innate immune cells (54). Treatment with NKG2D receptor/Fc fusion
protein increased GRZB levels and SnC elimination (Supplemental Figure 3I), while inhibiting GRZB/
perforin-mediated (GRZB/PRF-mediated) cytolysis using concanamycin A treatment blocked the killing
of SnCs in cocultures (Supplemental Figure 3J).

Importantly, cells that were induced to senesce by exogenous overexpression of pl6 or p21 remained
largely impervious to immune clearance in cocultures (Figure 3, A and B, far right bars). Survival levels
were similar to those of NKG2D receptor-blocked XRA/REP SnCs or 0.5 Gy-irradiated cells. These
pl6 results mirrored observations in patients’ nevi, where indolent SnCs persist, and indicated that the
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senescence growth arrest could be uncoupled from mechanisms of genotoxic stress response, including
the immune clearance program. By not upregulating cell surface antigens that would promote their elim-
ination, pl6-senesced cells remain undetected. Conversely, severe genotoxic stress promotes NKG2D-L
expression, which allows SnCs to be mostly cleared (summarized in Figure 3C).

Yet what causes the persistence of damaged SnCs? Based on patient data (Figure 1, A and B; high
levels of NKG2D-Ls after chemotherapy) and coculture experiments (Figure 3A; antibody-based target-
ing of NKG2D-Ls/NKG2D, modulating levels of survival/persistence), we hypothesized that a subset of
damaged SnCs may actively evade immune recognition, possibly via mechanisms preventing NKG2D-L/
NKG2D functions.

A subset of damaged SnCs actively evades leukocyte recognition and killing. We had initially noticed that the elim-
ination of damaged SnCs in PBMC cocultures was never complete (Figure 3B). So, we treated these persistent
SnCs with fresh batches of PBMCs, and scored survival. We found that 70%—-80% of the original persistent
SnCs remained impervious to killing (Figure 4A; up to 8-fold increase in resistance to immune clearance). Thus,
persistent SnCs possessed inherent properties that allowed them to actively evade recognition and cytolysis.

Persistent SnCs cleave NKG2D-Ls from their cell surfaces. To characterize persistent SnCs, we compared
NKG2D-L expression in SnCs that had not been exposed (naive) or had been exposed (persistent) to
PBMC:s. Surprisingly, persistent SnCs expressed equal or greater levels of NKG2D-L mRNA and intra-
cellular protein compared with naive cells (Figure 4, B and C, and Supplemental Figure 4A). However,
immunofluorescence showed strikingly diminished levels of NKG2D-Ls on the surface of persistent SnCs
relative to naive ones (Figure 4D).

Since cancer cells can promote their immunoevasion by shedding NKG2D-Ls (56-60), SnCs may also
shed NKG2D-Ls to elude immune detection and persist. We found that the cell culture media of senescent
fibroblasts and epithelial cells contained soluble NKG2D-L MICA (sMICA; Figure 4E and Supplemental
Figure 4B) and that the media from persistent SnCs contained markedly higher levels of soluble NKG2D-Ls
compared with naive counterparts (Figure 4F, dashed line). Thus, SnCs shed NKG2D-Ls regardless of cell
type and p53 status (Figure 4, E and F, and Supplemental Figure 4B), and this was amplified in persistent
SnCs that avoided killing.

MMP inhibition restores the clearance of persistent SnCs. MMPs coordinate extracellular proteolytic cas-
cades, signaling pathways, and shedding of cell-surface receptors and ligands, including NKG2D-Ls (36).
We found that p53 WT and p53-deficient XRA or REP SnCs expressed and secreted multiple MMPs at
higher levels than PRE cells (Figure 5, A and B, and Supplemental Table 2C). Because MMP3 was among
the most upregulated MMPs across damaged SnCs, we used it as a marker of senescence detectable by
immunofluorescence. In contrast to the high but variable MMP3 levels observed among naive SnCs (Figure
5C, top), persistent SnCs consistently displayed intense MMP?3 staining (Figure 5C, bottom). Quantitation
showed that persistent SnCs systematically expressed the highest levels of MMP3 (Figure 5D and Supple-
mental Figure 4C). Focusing on transcriptional activity of the MMP-1, -3, -10, -12 locus, which we previ-
ously showed increases upon senescence (27), we found that mRNA levels from this chromosomal locus
were collectively and substantially far higher in persistent SnCs compared with naive cells (Figure 5E and
Supplemental Figure 4C; >100-fold).

To test the possibility that MMPs inhibition might preserve the cell surface presentation of NKG2D-Ls and
thus enhance the killing of persistent SnCs, we used the broad-spectrum MMP inhibitor GM6001. GM6001
effectively blocked MICA shedding in a dose-dependent manner (Figure 6A) and increased cell surface
NKG2D-Ls (Figure 6B). Critically, GM6001 treatment of fibroblast and epithelial cancer SnCs prior to cocul-
ture with IL-2—-activated NKs or PBMCs markedly decreased SnC survival (Figure 6C; 4- to 9-fold reduction
in persistence, Supplemental Figure 4D). Moreover, GM6001 treatment of already-persistent SnCs prior to a
second round of PBMC:s led to their near complete clearance (Figure 6D).

Importantly, persistent SnCs harboring a p53 or p16 deficiency were also highly susceptible to clear-
ance rescue by protease inhibitor treatment in both coculture models (Figure 6, C and D). Other extracel-
lular proteases such as plasmin and cathepsin B were not consistently identified as prosurvival factors (data
not shown), and PDIA6/ERpS5 and ADAM17 only increased slightly at senescence compared with MMPs
(Supplemental Table 2C). Thus, MMPs were key factors that enabled damaged SnCs to evade immune
killing by reducing cell-surface presentation of NKG2D-Ls (summarized in Figure 6E), and the use of
protease inhibitors may be an effective therapeutic strategy to restore the immune detection and clearance
of persistent, deleterious SnCs.
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Figure 4. A subset of SnCs evade immune clearance by shedding NKG2D
ligands. (A) Quantification of naive and persistent SnCs. Naive SnCs are
mock-treated monocultures. Persistent SnCs survive exposure to PBMCs. SnCs
that persisted after 10 days of coculture with PBMCs were treated again with
fresh PBMCs, and survival was assessed after an additional 10 days. Shown are
the fractions of persistent SnCs after 1 (left) or 2 (right) rounds of PBMC expo-
sure. (B) NKG2D ligand mRNA levels measured by quantitative real-time PCR
in naive and persistent SnCs. Values were normalized to the fibroblast marker
CD90 and then compared between persistent and naive SnCs (fold change rel-
ative to naive SnC expression levels). (€) Immunofluorescence signal intensity
per cell of intracellular MICA (red bars) or NKG2D ligands (green bars), detected
as in Figure 2B, in naive and persistent XRA SEN WI-38 cells. (D) Immuno-
fluorescence detection of cell surface NKG2D ligands in naive and persistent
SnCs. Original magnification, x20. The average intensity per cell (n > 90) for
both MICA and NKG2D ligands measured in nonpermeabilized senescent
WI-38 cells is shown in the graph. Persistent SnCs display 10- to 35-fold fewer
NKG2D ligands at their surface than naive SnCs. Two-tailed Student’s t test P
values for differences between naive and persistent cells were 1.3 x 107 and
1.2 x 1072 for MICA and NKG2D ligands, respectively. (E and F) Soluble MICA in
media from naive PRE and SEN cell monocultures (E) or from persistent cells
after direct coculture with PBMCs (F), as measured by ELISA. InC, D, E, and F,
box plot length: 25% and 75% of data; centerline: median; whiskers: 25% - (or
75% +) 1.5 x IQR, dots: outliers; color bars: median.

Oncogene-induced SnCs are hyperresistant to immune killing. Oncogenic mutations causing DNA rep-
lication stress are another senescence modality (3, 46, 61). Surprisingly, we found that fibroblasts
senesced due to oncogenic HRAS(G12V) expression (RAS; Supplemental Figure 5, A—C) were largely
refractory (>90% survival) to killing by PBMCs (Figure 7A), which contrasted with XRA or REP SnCs
(~10% survival). RAS cocultures were also devoid of GRZB (Supplemental Figure 5D). RAS SnCs
displayed only limited changes in expression of the inhibitory ligands HLA-E and -C (Supplemental
Table 2A), which are thus unlikely to mediate the bulk of the resistance to killing in our in vitro model
of RAS SnC persistence. This was also not due to a downregulation or loss of NKG2D-Ls, because
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p53-proficient and p53-deficient RAS SnCs expressed NKG2D-Ls at even greater levels than XRA or
REP SnCs (Figure 7B; >2-fold; Supplemental Table 2A).

However, RAS SnCs expressed a significantly wider set of MMPs and at levels that far exceeded those of
XRA or REP SnCs both at the mRNA and protein levels (Figure 7, B and C; >20 fold; Supplemental Table
2C and Supplemental Figure 5, E and F). Media from naive RAS-senescent fibroblasts and epithelial cancer
cells contained substantially more soluble MICA/B (>10 fold) than naive REP or XRA cells (Figure 7D and
Supplemental Figure 5, G and H). These high levels were similar to levels in media from persistent XRA or
REP SnCs and were maintained by persistent RAS SnCs (Figure 7D). All RAS SnCs that evaded immune kill-
ing expressed high levels of the senescence marker MMP3 (Figure 7E). Although the extremely high levels of
proteases produced by RAS SnCs may prevent protease inhibitors from fully restoring their immune detection
and clearance, and even though the expanded secretome of RAS SnCs (12) may impact immune processes in
other detrimental ways, we still found that GM6001 treatment increased the immune clearance of RAS SnCs
by up to 20% (Supplemental Figure 5I). These results support the notion that immune evasion and persistence
of RAS SnCs was mediated, at least in part, via high protease secretion and high levels of NKG2D-L shedding.

Persistent SnCs suppress NKG2D receptor-mediated immunosurveillance in a paracrine manner. Reduced
NKG2D receptor expression by NK/T cells impairs tumor immunosurveillance in patients (36, 37, 56).
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To determine whether SnCs could also influence NKG2D receptor expression as an additional mechanism
of immunoevasion, we treated IL-2—-activated NK cells with media from PRE, pl16 SEN, or RAS SEN
cells, and measured NKG2D levels. Media from PRE and p16 SEN cells had no effect, but media from
RAS SnCs reduced NKG2D mRNA levels by more than 10-fold (Figure 8A). Likewise, NKG2D expres-
sion declined sharply when PBMCs were in direct coculture with persistent senescent XRA or RAS cells,
regardless of their p53 status (Figure 8B). Consistent with ATM-dependent upregulation of SASP factors
(52) and NKG2D-Ls (Figure 2E), ATM-deficient XRA SnCs failed to repress NKG2D expression (Figure
8B). Thus, NKG2D-Ls shed in an autocrine manner by SnCs facilitate SnC immunoevasion by preventing
NKG2D recognition, and SnCs further suppress immunosurveillance by decreasing NKG2D expression in
a paracrine manner in cytolytic effector cells (summarized in Figure 8C).

Concerted expression of MMPs and NKG2D in residual tumors after chemotherapy. Results in Figures
2-8 show that SnCs can elude immune recognition via extracellular targeting of NKG2D-L/NKG2D
signaling, so we asked whether chemotherapy-treated tumors recapitulated these cooperative mecha-
nisms of SnC persistence.

In prostate cancer tissues from patients treated with MIT that showed elevated levels NKG2D-Ls
(Figure 1A), we found that residual tumors expressed significantly higher levels of MMPs after geno-
toxic chemotherapy (Figure 9A, blue lines; controls for senescence markers provided in Supplemen-
tal Figure 6A). We validated these results in an additional cohort of 10 patients (Figure 9A, purple
lines; 20 laser-captured paired tumors). We confirmed high MMP3 levels in tumor cells after MIT plus
docetaxel (DTX) chemotherapy by IHC in a separate cohort of 76 patients (Figure 9B). We then mea-
sured NKG2D receptor expression across all prostate cancer specimens (20 patients, 40 tumors total)
and found a striking significant reduction in NKG2D after chemotherapy (Figure 9C). This reduction
was not due to fewer NK/T cells after chemotherapy, as shown by unchanged expression of the NK/T
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Figure 7. RAS SnCs evade immune clearance with high MMP
expression and robust NKG2D ligand shedding. (A) Survival of
RAS-induced senescent WI-38, IMR-90, and HCA-2 cells with
active or inactive p53 (p53-) assessed by cell number after 10 days
of direct coculture with PBMCs. (B) mRNA levels of NKG2D ligands
and MMPs in RAS SnCs were measured by quantitative real-time
PCR, and normalized to the average expression in control and
p53-deficient presenescent cells. The range of the color scale is
64-fold greater than in Figure 2, A, C, E, and G, and Figure 5A. The
ratio of the average expression levels of MMPs relative to NKG2D
ligands is ~130 in RAS SnCs compared with ~7 in XRA or REP
SnCs. (€) MMP-1, -3, -10, -12 immunofluorescence comparing PRE,
XRA, and RAS-induced senescent WI-38 cells. Original magnifica-
tion, x20. (D) Detection of soluble MICA by ELISA in conditioned
media of RAS-induced senescent WI-38, IMR-90, and HCA2 cells
(p53-deficient or WT). Left: MICA levels in monocultures (naive),
with SEN (XRA) and PRE cells for comparison. Right, MICA levels
in supernatants collected after 10 days of direct coculture with
PBMCs (persistent SnCs). In A and D, box plot length: 25% and 75%
of data; centerline: median; whiskers: 25% - (or 75% +) 1.5 x IQR;
dots: outliers; color bars: average in A, median in D. (E) Proportion
of cells with different MMP3 levels quantified from immunofluo-
rescence of naive and persistent RAS SnCs (top: p53 WT; bottom:
p53-deficient; quantified as in Figure 5D).

cell markers CD94, CD8, and CD57 (Supplemental Figure 6, B and C). Notably, individuals who did
not overexpress MMPs (Supplemental Figure 6D; patient 8) or NKG2D-Ls (Supplemental Figure 6D;
patients 9 and 10) did not show downregulated NKG2D expression.

Remarkably, adjacent normal prostate tissues, which are much less susceptible to MIT damage
owing to low cycling rates, did not show significant changes in MMPs, NKG2D-Ls, or NKG2D after
chemotherapy (Figure 9D, bottom panels).
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We extended our studies to breast cancer patients treated with EPR/CTX who showed high levels of
NKG2D-Ls (Figure 1B). We found that tumor tissues remaining after genotoxic chemotherapy expressed
elevated levels of MMPs (Figure 10A), which was accompanied by significantly reduced expression of
NKG2D (Figure 10B and Supplemental Figure 7A).

To address whether these findings were specific to DNA-damaging therapy, we performed an addition-
al transcriptional meta-analysis of tissues from breast cancer patients who underwent tamoxifen/letrozole
(TMX/LET) targeted therapy, i.e., nongenotoxic hormone therapy. We found no increase in MMP or
NKG2D-L expression and no decrease in NKG2D receptor expression after treatment (Figure 10C, 241
patients; Supplemental Figure 7, B and C).

Collectively, results from these multiple tissue types (prostate, breast, tumor, normal) and more than
700 patients treated with several therapeutic regimens (MIT, MIT/DTX, EPR/CTX, TMX/LET), demon-
strated that after DNA-damaging chemotherapy, residual tumors harboring persistent SnCs recapitulate
the cooperative mechanisms that drive SnC immunoevasion. Our work elucidates how damaged SnCs can
persist in patients while paradoxically expressing high levels of NKG2D-Ls.

Unchanged MMP levels and maintained NKG2D immunosurveillance in persistent nevi. Finally, in nevi, where
persistent senescent melanocytes did not upregulate NKG2D-Ls (Figure 1C), we found no upregulation
of MMPs and no downregulation of NKG2D (Figure 11, A and B). We also found that DDR-associated
SASP inflammatory factors were not upregulated in patients’ nevi (Supplemental Figure 8, A and B).

These results mirrored our findings in cell culture models and indicated that some p16-induced SnCs
can persist for long periods of time owing to minimal changes in expression of NKG2D-Ls, MMPs,
and inflammatory factors, and without impairing NKG2D-dependent immunosurveillance. These results
suggest that not all SnCs promote their immune detection and self-elimination, and different mecha-
nisms leading to SnC persistence allow different kinds of tissue-resident SnCs to exist in individuals.

Discussion

Although cellular senescence is a safeguard against malignant transformation and can promote tissue
repair, persistent SnCs can also drive aging and contribute to tumor relapse and adverse effects of che-
motherapy (1-3, 18, 20, 22, 23). While recent studies have focused on the clearance of SnCs in transgenic
mouse models, our work concentrates on mechanisms causing SnCs to persist in humans and reveals new

https://doi.org/10.1172/jci.insight.124716 12


https://doi.org/10.1172/jci.insight.124716
https://insight.jci.org/articles/view/124716#sd
https://insight.jci.org/articles/view/124716#sd
https://insight.jci.org/articles/view/124716#sd

A Paired MMP3 MMP1
prostate P =4.516 e-09 P =6.217 e-04
tumors % up =95% % up = 80%

FC=+1147 FC=+16.8
Patient # 16 1

01~ 11 == . .

02w 12~

03w 13 12 12 o

04 14-=- ‘ /‘

05« 15 T . o] #£ //

06 16 3 //  / -

o7 17 5 e

08 18 4 ;/// . 41 e

09 19 v

10 20 04 0oLl —

L )

Original ~ Validation before  after before  after

set set TX MIT Tx MIT

B no Tx after MIT+DTX D

'S A
MMP3
x
& =
b7}
o
o
|_
(8]
Intensity 2
scale
0
+1
+2
+3 -
m

MMP10
P =0.00536
% up = 90%
FC=+378

RESEARCH ARTICLE

MMP12 C NKG2D

P =0.00650 P =0.0017

% up = 80% % down = 80%
FC =+208.6 FC=-273.8

5 \
8 2 8 N
4 ) H 4 \\\\\f‘
oL . LN
before  after before  after before  after
Tx MIT Tx MIT Tx MIT
unchanged
* MICA increased _| 4
* MMP1 A MICB after MIT
A MMP3 * ULBP1 T
“ MMP10 + ULBP2
decreased
MMP12 ULBP3 * NKG2D after MIT
20 FC=-2738
- p=174e-03
Y o 2 Prostate
10f Ah 2 e o° tumor
s, o K e tissue
" 5/ FC=+1115|[*$X « FC=+ 744 -
* p=329e-08kry " p =161e-04||7 "« o
20 A A "a
[ s
o . .' /4 . Normal
10Hs & w/a prostate
. 7 epithelium
¥ FC=+88| +FC=+41/4 » FC=+22
o4 9=515602 " p=149e-02 p=943e-02
0 10 200 10 200 10 20
AACT pre-Tx "

Figure 9. Coordinated upregulation of MMPs and downregulation of NKG2D occurs in prostate tumors where NKG2D-L-expressing SnCs persist after
genotoxic chemotherapy, but not in adjacent noncancerous normal tissues. (A) Pairwise comparison of MMP expression before and after genotoxic
chemotherapy in patients with prostate cancer. Analyses and displays are explained in the Figure 1A legend. An additional set of 20 laser-captured tumor
areas isolated from 10 patients before versus after neoadjuvant mitoxantrone therapy is included for validation (purple markers/lines). (B) MMP3 detection
by IHC in prostate cancer tissues from patients treated or not with mitoxantrone/docetaxel (MIT/DTX; original magnification, x4). Tumors from 26 patients
not subjected to therapy were compared with tumors from 50 patients receiving MIT/DTX. Histopathology and staining assessment are color coded as 0 (no
staining), +1 (detectable), +2 (intermediate), +3 (high). Distribution of each staining intensity level is shown as pie charts below a representative image of
intense staining in either condition. (C) Pairwise comparison of NKG2D expression before and after chemotherapy, as described in A. (B) Comparison of MMP,
NKG2D ligand, and NKG2D expression profiles in tumor versus normal prostate tissue (top vs. bottom panels) before and after chemotherapy. The 2 sets of
20 paired tissues collected from 10 patients were pooled and plotted by gene type: MMPs (MMP-1, -3, -10, -12; left), NKG2D ligands (MICA, -B, ULBP-1, -2, -3;
middle), NKG2D receptor (right). Results are displayed as values before (x axis) compared with after (y axis) chemotherapy. Overall fold change (FC; averaged
across patients) and significance (P value, Student’s t test, paired, 2 tails) across MMPs, NKG2D ligands, and NKG2D are shown.
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senolytic strategies to augment the killing of detrimental, immune-evading, residual SnCs. Our data show

how oncogenic and tumor-suppressive drivers of cellular senescence regulate surveillance processes that

can be circumvented to enable SnCs to elude immune recognition but can be reversed by cell surface—tar-

geted interventions to purge the SnCs that persist in vitro and in patients.

We found that the senescence program couples the sensing of genotoxic damage with extracellular

mechanisms by which chemotherapy- and oncogene-induced SnCs subvert immune clearance through
concerted MMP-dependent shedding of NKG2D-Ls and suppression of NKG2D-mediated immunosur-
veillance, leading to SnC persistence. This process was conserved in vitro in normal fibroblasts and in

immortalized or cancer epithelial cells, and in vivo in residual tumors from patients with breast and pros-

tate cancer who underwent senescence-inducing genotoxic chemotherapy.

Critically, neither the p53 nor the pl6 tumor suppressor was required to establish or maintain the

senescence-associated expression of NKG2D-Ls and MMPs in response to senescence-inducing genotoxic
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Figure 10. The coordinated upregulation of MMPs and downregulation of NKG2D
occurs in breast tumors where NKG2D ligand-expressing SnCs persist after
genotoxic chemotherapy, but not after targeted therapy. (A and B) MMP and
NKG2D expression in breast tumors from patients treated or not with genotoxic
therapy (dose-intense epirubicin and cyclophosphamide regimen [EPR CTX]).
Analyses and displays are explained in the Figure 1B legend. In the right pan-

el in B, NKG2D receptor expression was further normalized to CD8 expression
(significant decrease). (C) MMP, NKG2D ligand, and NKG2D expression in breast
tumors from patients treated or not with non-DNA-damaging, targeted therapy.
Patient cohorts were identified and analyzed using the same methods used for
Figure 1B (see Methods). 186 untreated patients were compared with 55 patients
who underwent tamoxifen (TMX) or letrozole (LET) estrogen receptor-targeted
therapy. Results are displayed as color heatmaps of median-level expression of
each gene in untreated (baseline) versus TMX/LET-treated (green-to-white-to-red

scale indicates mRNA levels lower-to-equal-to-higher compared with untreated;
details in Supplemental Figure 7, C and D). FDR P values (p-val) are displayed as

a gray scale on the right. In the box plot, NKG2D receptor expression was further
J normalized to CD8 expression (significant increase). Box plot length: 25% and 75%
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breast cancer +/- targeted therapy

of data; centerline: median; whiskers: 25% - (or 75% +) 1.5 x IQR, dots: outliers.

stresses caused by telomere shortening (replicative senescence), radiotherapy, chemotherapy, or oncogenic
stress (e.g., RAS[G12mut]). In addition, p53 and p16 were dispensable to successfully clear residual SnCs.
This is crucial, because in patients, the majority of tumors are p53 or p16 deficient. Thus, the targetable
vulnerabilities we uncovered offer the possibility to inhibit proteases or block ligand shedding or stabilize
ligand presentation to restore the immune detection and clearance of chemotherapy-resistant senescent
cancer cells, regardless of tumors’ p53 or pl6 status (Figure 12, right side). Furthermore, we found that
these immunogenic and proteolytic mechanisms did not occur in noncancerous tissues. So these evasion
processes were localized to genotoxic-resistant tumors, which suggest that senolytics directed at these
actionable dependencies could avoid undesirable side effects while effectively and specifically removing
deleterious SnCs. Finally, our finding that, in human cells and tissues, the occurrence, clearance, and per-
sistence of SnCs do not depend on p16 or p53 expands the scope of targetable mechanisms, as well as the
kind of persistent SnCs to study beyond those currently testable in transgenic mouse models that depend on
p16 induction or p53 restoration (4-7, 11, 20, 22, 23, 29, 30, 62).

Importantly, senescence-associated cell cycle arrest per se was not sufficient to trigger NKG2D-L expres-
sion, and cells that exogenously overexpressed pl6 or p21 remained impervious to immune clearance. This
mirrored the lack of inflammatory secretory phenotype by these cells (28). Likewise, we found that human
nevi, which arrest largely due to the expression of the aging biomarker p16 and persist for long periods in vivo
(45, 46), did not upregulate NKG2D-Ls and did not display inflammatory SASP features (Figure 12, left side).
Although the p16 promoter has been used to eliminate SnCs from diseased tissues in mice (18, 22, 23, 29, 62),
our previous (28) and present cell culture, nevus, and tumor data suggest that two kinds of p16-expressing, per-
sistent SnCs may exist. On one hand, some p16* cells might not activate mechanisms of immune clearance and
inflammation, thus remaining relatively neutral with respect to tissue microenvironment. This scenario may be
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relevant in adult organisms, where retaining arrested yet functional cells may help maintain tissue homeostasis
(1, 3, 63, 64). This also raises the possibility that p16 can prevent tumor formation not only by triggering senes-
cence arrest as an early sensor of cellular stress (65), but also by precluding the induction of immune signals
that may become detrimental over time if unresolved or unwarranted. This p16-driven protective effect may
relate to observations in benign cutaneous nevi. In the alternative scenario, SnCs residing at sites of damage
or experiencing severe genotoxic stress induce both p16 and sustained DDR signaling that cause cell growth
arrest and elicit a complex inflammatory program, which includes the coordinated expression of SASP fac-
tors and immune stress ligands. Our results in tumors from patients treated with chemotherapies (MIT, MIT/
DTX, EPR/CTX) and in cell culture models (REP, XRA, ETO, MIT, RAS) support this latter situation. While
both scenarios may reflect the context-specific functions of the p16 tumor suppressor and underline the mul-
tifaceted, dynamic nature of senescence-regulated signaling networks in tissues, it remains clear that patients
could benefit from therapeutic interventions that would eliminate the p16* SnCs that accumulate with age in
inflamed or damaged tissues or persist in malignant lesions (2), as demonstrated in mice (18, 22, 23, 29, 62).

In vivo studies have shown that SnCs are present in damaged tissues (1, 14), suggesting that SnCs
circumvent immune clearance and persist. We consistently found that a subset of damaged SnCs is not
eliminated by leukocytes. We identified 2 cooperative mechanisms of immunoevasion that drive SnCs per-
sistence through extracellular targeting of NK cell receptor signaling.

First, secreted MMPs, which are prominent SASP factors, determined the level of cell surface NKG2D-
Ls, and through autocrine ligand shedding rendered SnCs unrecognizable by leukocytes. Persistent SnCs
systematically expressed high levels of MMPs. Oncogenic RAS-induced SnCs, which develop an exacer-
bated SASP (12, 28), secreted very high levels of MMPs and shed NKG2D-Ls, and largely evaded immune
recognition. This protease-dependent immune subversion mechanism was conserved in nontransformed
cells and cancer cells regardless of their p53 or p16 status, and in residual tumors refractory to genotoxic
chemotherapy in patients with breast and prostate cancer. NKG2D-L stabilization by MMPs inhibition
led to almost complete clearance (Figure 12, right side). The fraction of NKG2D-Ls cleaved from the cell
surface by secreted proteases may ultimately control whether damaged SnCs persist.

Since eliminating SnCs can prevent tumor progression, delay the onset of degenerative diseases, and
restore fitness (18, 20, 22, 23, 29, 32); since NKG2D-Ls are not widely expressed in healthy human tissues
and NKG2D-L shedding is an evasion mechanism also employed by tumor cells (36, 56-58, 66—68); and since
increasing numbers of B cells express NKG2D ligands in NKG2D receptor—deficient mice as they age (69),
we propose that therapeutic interventions designed to increase cell surface presentation of NKG2D-Ls could
be effective senolytic strategies to resensitize persistent SnCs to immune detection and rescue their clearance,
whether in cancer or aging settings. Importantly, such a senolytic strategy would spare the nondamaged p16*
SnCs that do not develop the MMPs/NKG2D-L—-dependent immunoevasion phenotype and that may be need-
ed to carry on normal tissue functions, as reported in p16* aging pancreatic 3 cells (63) or as we found in nevi.

This actionable immunoevasion mechanism implies that differences in expression of NKG2D-Ls
and MMPs may define which types of SnCs can persist in patient tissues, including damaged and non-
damaged cells, but it also points at possible threshold effects likely driven by the fine-tuned balance
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Figure 12, p53- and p16-independent immunoediting mechanisms engaged by damaged senescent cells define
targeted senolytic strategies to restore immunosurveillance and eliminate deleterious senescent cells that
evade clearance and persist. The mechanisms that cause detrimental senescent cells (SnCs) to escape and persist
can be turned into actionable targets. Such a rescue strategy allows augmentation of the physiological removal of
residual SnCs (see cascade on the right and the senolytic rescue loop on the far right). Since mechanisms directing
both the elimination and escape of SnCs are independent of p53 or p16, the immunoevasion of SnCs is revers-

ible and targetable in tissues where p53 or p16 are defective, such as tumors. This offers new opportunities to
treat cancer by combining standard genotoxic drugs with targeted senolytic agents (e.g., a protease blocker). The
nondamaged and non-proinflammatory persistent SnCs, including cells that senesced owing high p16 expression,
would remain insensitive to — and be spared by — such senolytic intervention (see cascade on the left). Since SnCs
are in a state of final growth arrest, acquired senolytic resistance, or adverse selection of genetically adapting SnCs
is not anticipated. Since the secretome of residual damaged SnCs is often inflammatory, such senolytic strategy
would also help restore immunosurveillance in tissues where these SnCs would otherwise accumulate, such as
chemotherapy-resilient tumors and possibly at sites of aging pathologies, including atherosclerotic lesions, osteo-
arthritic joints, or pulmonary fibrotic tissue.
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between levels and types of ligands and proteases, and their combinatorial effects. Since different senes-
cence-inducing stresses likely trigger distinct senescence programs, it will be critical to explore whether
SnCs present in age-related diseases such as osteoarthritis, pulmonary fibrosis, and atherosclerosis, in tis-
sues from frail or obese patients, or in other drug-resistant cancers engage subversion mechanisms similar
to those we found, or instead regulate alternative proteolytic networks (e.g., uPA, ADAMs) or express
higher or lower levels of other ligands that promote — or inhibit — their immune recognition and kill-
ing (e.g., DNAM-1-Ls, HLA-E, ICAMs). How such threshold dependencies may regulate SnC immune
selection and persistence suggests that cellular senescence could be a pivotal component of cancer immu-
noediting (70). Considering that the loss of p53 and p16 is a cancer event that can also enable cells to
overcome or revert senescence arrest while amplifying their inflammatory secretory activities (1, 3, 12,
71), it is possible that some of the paradoxical cell-intrinsic and -extrinsic effects of cellular senescence
may be involved in the elimination, equilibrium, and escape phases (67, 70) that underlie tumorigenesis,
as well as acquired drug resistance or cancer recurrence.

In line with this concept, and as a second mechanism of senescence immunoevasion, we found that
the SASP of persistent SnCs can in a paracrine manner suppress NKG2D-dependent immunosurveil-
lance. Besides the possibility that chronically released soluble NKG2D-Ls may directly block NKG2D
or act as decoys for effector leukocytes, we found that persistent SnCs decreased NK cell functionality by
reducing NKG2D expression in vitro and in chemotherapy-resistant tumors (Figure 12, right side). This
corroborates previously observed effects of shed NKG2D-Ls (56, 57, 66, 67, 72) and likely involves the
non-cell-autonomous activities of other SASP factors, including TGF-f (60, 73-76), especially in the con-
text of p53-deficient and/or oncogene-activated SnCs that develop an amplified secretome (12). Elevated
levels of LDH released by RAS-SnCs (data not shown) may also disrupt tissue surveillance, as observed in
glioblastoma, where LDH-induced NKG2D-Ls on patrolling myeloid cells cause NKG2D downregulation
and subversion of immune responses (77). The SASP can create a proinflammatory microenvironment,
disrupting tissue homeostasis (2) and generating locally immunosuppressed tissue niches that may promote
cancer relapse and impact response to therapy (16, 20, 24). So, therapeutic manipulations dampening the
SASP, such as inhibitors of BET motifs (9), NF-kB (78), mMTOR (79), or cGAS/STING signaling (80), may
mitigate the detrimental effects of residual SnCs and restore tumor immunosurveillance.

Because cellular senescence is not necessarily detrimental and SASP components can facilitate tissue
repair or support immune functions (4-7, 10) or may communicate the compromised state of cells via
MULT]1 release in mice (81), it will be important to design therapeutic strategies that specifically target
the deleterious SnCs of diseased tissues (2). Our work suggests that therapies blocking mechanisms of
NKG2D-L shedding could effectively eradicate persistent senescent tumor cells, and concurrently restore
immune surveillance. Harnessing the immunosuppressive effects of residual SnCs may help restore thera-
peutic sensitivity and mitigate aging pathologies. Specifically, inhibitors of SnCs’ secretome could be used
in combination with neoadjuvant chemotherapies to reduce tumor burden, avert drug resistance, lower the
risk of tumor recurrence, and ultimately improve patient outcomes.

Methods

Quantitative real-time PCR
Gene expression analyses were performed with Applied Biosystems TagMan assays. Catalog IDs for each
gene are listed in Supplemental Table 3A.

Meta-analysis of microarray data
We queried microarray data from clinical studies deposited in the NIH/Gene Expression Omnibus or
ArrayExpress website. Briefly, we used terms/key words to filter studies of interest (e.g., “breast cancer and
not treated/untreated and chemotherapy treated,” or “nevi and normal skin”). Next, we identified which
studies could be merged by applying a bias analysis. Finally, the selected datasets were analyzed. Supple-
mental Table 3B lists genes, NCBI Gene IDs, microarray probe set IDs, and availability on Affymetrix
platforms U133A or U133 Plus 2.0. Supplemental Table 4 lists study IDs and references.

Breast cancer treated or not with DNA-damaging chemotherapy. Two studies included gene expression data
from 339 biopsies before treatment (NCBI Gene Expression Omnibus [GEO] GSE23988, GSE20194;
refs. 42, 43). A third study included 37 locally advanced breast carcinoma patients treated with EPR and
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CTX, followed by mastectomy (EMBL-EBI ArrayExpress, E-TABM-43; ref. 44). Pre- and posttreated
breast tumors were heterogeneous for ER and HER2 status and grade. Data were from the Affymetrix
GeneChip Human Genome U133A array. Data (376 patients) were preprocessed with the robust multi-ar-
ray average (RMA) algorithm in R. Probe sets were first filtered based on the following criteria: (i) min-
imum 20% of samples with >100 raw value; (ii)) 1 < COV < 10 (coefficient of variation). The maximum
varying probe set per gene was then selected, reducing 22,283 probe sets to 12,789 unique genes. Unsuper-
vised hierarchical clustering with Euclidean distance and average linkage was used to investigate potential
bias between data sets. Genes of interest (proteases, innate immune ligands, and receptors) were each rep-
resented by a single probe set on the U133A platform of the selected studies (Supplemental Figure 7A and
Supplemental Table 3B). Expression levels were compared between the 339 pretreated and 37 posttreated
samples, using the nonparametric Wilcoxon’s rank-sum test. For NKG2D, levels were normalized to CDS.
To correct for multiple testing, the FDR was applied to the combined set of 9 P values (82). FDR P values
less than 0.05 were deemed significant. Analyses were performed in MATLAB (MathWorks) and R.

Breast cancer treated or not with endocrine therapy. A cohort of 186 untreated breast cancer patients
was compared with 55 breast cancer patients treated with TMX or LET (merged study accession nos.
GSE16391, GSE13787, GSE22035, GSE16446; results in Supplemental Figure 7, B and C, and refs.
83-86). We applied the same process as described above, with data from the Affymetrix GeneChip
Human Genome U133 Plus 2.0 array.

Normal skin versus nevi. We used data from the study GSE3189 (47), which had the largest number
of specimens (from 25 patients), comprising 7 normal skin and 18 nevus samples. Data were from the
Affymetrix GeneChip Human Genome U133A array, and processed and analyzed as described above.
To validate our results, we analyzed another, smaller clinical study, where normal skin and benign
nevi were included (GSE4587; profiles could not be merged with GSE3189 based on bias analysis of
microarray profiles), and we found that gene expression profiles of nevi versus normal skin followed the
same trends as in GSE3189 (data not shown).

Cells

WI-38, IMR-90, and HCA2 human diploid fibroblasts; PC-3, RWPE1, BPH1, and DU145 human
prostate carcinoma cells; and MCF10A human immortalized mammary epithelial cells were pur-
chased from ATCC or produced by members of our research team, and were cultured in 3% O,
conditions (or as otherwise indicated when maintained in ambient O, conditions) and media as
previously described (12, 28).

Cells were induced to senesce by ionizing radiation (10 Gy X-ray [XRA]), DNA-damaging agent
MIT treatment (25 nM; Sigma-Aldrich, M6545), ETO treatment (2.5 uM; Sigma-Aldrich, E1383),
or expression of oncogenic HRAS(G12V) or CDKI tumor suppressors pl16™N&42 or p21CP1/CDRNIA " and
used 10 days later. Alternatively, cells were subcultured until proliferation ceased (replicative senes-
cence owing to telomere shortening; REP). Senescence was assessed using senescence-associated [3-gal
(SA-Bgal) staining and BrdU incorporation (Supplemental Figures 1 and 5, and refs. 12, 13, 53). To
express pl6NKia p2 ] COKNIA THR AS(G12V), shpl6, shATM, or GSE22 (genetic suppressor element that
blocks p53 functions), cells were transduced with lentiviruses carrying no insert or a GFP insert (con-
trols), or the indicated cDNAs, or shRNAs including control shRNA (12, 28, 52).

Freshly isolated human PBMCs were maintained in supplemented RPMI media and cultured in 3%
O, conditions. Monocytes were obtained from ATCC (U934 and Thpl) or AllCells (CD36 selection;
>99%pure). Purified NK, T, and DC cells were from AllCells (>99%pure). PBMCs, NK cells, and T cells
were activated by IL-2 treatment (1000 U/mL for 3 days). Monocyte differentiation into macrophages was
achieved using PMA or LPS (34 days).

Survival assays. LDH release assays were performed in phenol red—free media, and calculation of
killing was done according to the manufacturer’s protocol (Promega, CytoTox). Effector/target cell
ratios ranged from 1:3 to 1:15. Direct coculture was performed by adding effector leukocytes directly
to adherent target cells. Indirect coculture was performed by adding effector leukocytes in upper cham-
bers of Transwell culture plates (Millipore), where adherent target cells were maintained in the bottom
well. All survival assays were performed in 3% O, culture conditions. All survival assay data are the
average of =3 independent experiments run in quadruplicate.
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ELISA, immunofluorescence, antibodies, inhibitors, and recombinant proteins

ELISA kits were used to measure MICA (R&D Systems, DY 1300), MICB (R&D Systems, DY 1599),
MICA/B (R&D Systems, DY990), MMP3 (R&D Systems, DMP300), TNF-o (R&D Systems,
DTAO00C), IFN-y (R&D Systems, DIF50), IL-2 (R&D Systems, D2050), IL-6 (R&D Systems, D6050),
IL-7 (R&D Systems, M7000), IL-8 (R&D Systems, D8000C), IL-12 (R&D Systems, D1200), IL-17
(R&D Systems, D1700), and GRZB (R&D Systems, DY2906-05; Thermo Fisher Scientific, BMS2027).
Alternatively, secretory profiles were assessed by antibody arrays (RayBiotech, Cytokine and MMP
Arrays; refs. 12, 27, 28). We used the following primary antibodies: p53 (Oncogene Research Products,
DO-1), 53BP1 (Bethyl, BL182), RAS (BD Biosciences, 610001), p16™%4 (Neomarkers, MS-889-P1 and
MS-218-P1), ATM (Abcam Y-170), phospho-ATM (Upstate, 05-740), IL-6 (R&D Systems, MAB2061
and AF-206-NA), IL-8 (R&D Systems, MAB208), MICA/B (R&D Systems, MAB13001; Santa Cruz
Biotechnology Inc., sc-5460), MICA (R&D Systems, AF1300 and MAB1300), MICB (R&D Sys-
tems, AF1599 and MAB1599), NKG2D (R&D Systems, MAB139; Santa Cruz Biotechnology Inc.,
sc-9621), NKG2D blocking peptide (Santa Cruz Biotechnology Inc., sc-9621p), CD155 (R&D Systems,
MAB2530), CD112 (Abcam, 502-57), DNAM-1 (R&D Systems, MAB666), IL-7 (Abcam, ab175380),
MMP1 (R&D Systems, AF901; Oncogene Research Products, IM35L), MMP3 (R&D Systems, AF513;
Oncogene Research Products, IM70T; BioVision, 3523-100), MMP10 (R&D Systems, AF910; Onco-
gene Research Products, IM75T), MMP12 (R&D Systems, MAB917), IgG control (R&D Systems,
G-101-C-ABS; MABO002). Donkey secondary antibodies conjugated to Alexa Fluor were purchased
from Molecular Probes (Alexa Fluor 350, 488, and 594). DAPI was used to stain nuclei. Immunofluo-
rescence using anti-MICA/B or INKG2D/Fc was performed without permeabilization (to monitor the
presence of NKG2D-Ls at the cell surface) or after permeabilization with 0.5% Triton X-100 (to moni-
tor intracellular levels of NKG2D-Ls). All ELISA and antibody array data are the average of >3 inde-
pendent experiments run in quadruplicate. We used the MMP inhibitor GM6001 (Chemicon, CC1000)
and recombinant chimeric NKG2D protein INKG2D/Fc (R&D Systems, 1299-NK). NKG2D-blocking
antibody is listed above along with other antibodies. Leukocytes were preincubated with concanamy-
cin A (Sigma-Aldrich) for 3 hours before use in direct coculture. Before and after use, leukocytes were
checked for viability and ability to mediate cell killing.

Human tissue microarrays and IHC

Tissue microarrays from prostate cancer patient biopsies were made at the University of Washington. Anti-
bodies used in IHC are listed in the ELISA, immunofluorescence, antibodies, inhibitors, and recombinant proteins.
All slides were reviewed and scored by a pathologist.

Statistics
Two-tailed Student’s ¢ test was used to determine significance of differences, as indicated in figure legends.
P values less than 0.05 were considered significant.

Study approval

With regard to patient consent and human tissues, prostate cancer patients with high-risk localized pros-
tate cancer were enrolled and treated in a phase I-II neoadjuvant chemotherapy trial at Oregon Health &
Science University, Portland VA Medical Center, Kaiser Permanente Northwest Region, Legacy Health
System, and University of Washington. Written informed consent was obtained from all patients. The pro-
tocol was approved by the Institutional Review Boards of Oregon Health and Science University, Portland
Veterans Affairs Medical Center, the University of Washington, and the Portland Legacy Health Systems.
Prostate biopsies were obtained prior to chemotherapy. At the time of radical prostatectomy following
chemotherapy, cancer-containing tissue samples were obtained and frozen as described (12). Cancerous
epithelium from pretreated biopsies and posttreated prostatectomy specimens were captured separately,
and histology was verified by review of H&E-stained sections and laser confocal microscopy images.
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