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ABSTRACT Cellular senescence is a stable form of cell cycle arrest associated with proin-
flammatory responses. Senescent cells can be cleared by the immune system as a part of
normal tissue homeostasis. However, senescent cells can also accumulate in aged and dis-
eased tissues, contributing to inflammation and disease progression. The mechanisms media-
ting the impaired immune-mediated clearance of senescent cells are poorly understood.
Here, we report that senescent cells upregulate the immune checkpoint molecule PD-L1, the
ligand for PD-1 on immune cells, which drives immune cell inactivation. The induction of PD-
L1 in senescence is dependent on the proinflammatory program. Furthermore, the secreted
factors released by senescent cells are sufficient to upregulate PD-L1 in nonsenescent control
cells, mediated by the JAK-STAT pathway. In addition, we show that prolongevity intervention
rapamycin downregulates PD-L1 in senescent cells. Last, we found that PD-L1 is upregulated
in several tissues in naturally aged mice and in the lungs of idiopathic pulmonary fibrosis
patients. Together, our results report that senescence and aging are associated with upregula-
tion of a major immune checkpoint molecule, PD-L1. Targeting PD-L1 may offer new thera-
peutic opportunities in treating senescence and age-associated diseases.
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Cellular senescence restricts proliferation of damaged cells and hence has a beneficial
role in restraining tumorigenesis (1). However, senescence can also be detrimental in

aging and diseases, mainly due to its proinflammatory features (2). Senescent cells secrete
a large array of proinflammatory factors that trigger inflammation and alter tissue microen-
vironment (2). Strategies to selectively kill senescent cells or to inhibit the proinflammatory
program of senescence are important biomedical objectives (3, 4).

Senescent cells in physiological conditions are removed by the immune system: the
proinflammatory cytokines secreted by senescent cells recruit immune cells and acti-
vate them, leading to immune-mediated clearance (2). Counterintuitively, senescent
cells can accumulate in aging and diseases without being removed by the immune sys-
tem, thereby contributing to inflammation and disease progression (1, 4). The altered
interaction between senescence and the immune cells is a major unaddressed area in
senescence and aging research.

A similar scenario is seen in cancer, in which cancer cells induce immune checkpoint,
resulting in impaired immunosurveillance of cancer (5). Several cancer types show upregula-
tion of PD-L1 in cancer cells, which through binding to PD-1 on immune cells induces inacti-
vation and/or exhaustion of immune cells (6–8). Inhibition of PD-L1/PD-1 binding is a central
target in cancer immunotherapy that has transformed treatment of several cancers (7, 9).
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Whether senescent cells employ similar mechanisms to inhibit immune cell activation has
not been explored. In this study, we report that PD-L1 is upregulated in senescence and
aging. This finding has implications for understanding how senescent cells accumulate in
diseased tissues and suggests new approaches to combat this pathological accumulation.

RESULTS
Senescent cells upregulate PD-L1. We employed IMR90 primary human diploid

lung fibroblasts, cultured in physiological 3% oxygen, as a model system to study se-
nescence. Low-passage-number proliferating cells (population doubling less than 35)
were used as controls. Senescence was induced by replication exhaustion, activated
oncogene HRasV12, DNA-damaging agent etoposide, or ionizing irradiation (IR), fol-
lowing our previously established conditions (10–13). Induction of senescence was
confirmed by loss of lamin B1 and gain of p16ink4a (here referred to as p16) (Fig. 1A).
Importantly, PD-L1 is upregulated at the protein level in all forms of senescence,
detected by immunoblotting (Fig. 1A). Likewise, the mRNA levels of PD-L1 are signifi-
cantly increased in these forms of senescence, measured by reverse transcription-
quantitative PCR (RT-qPCR) (Fig. 1B). We subsequently observed PD-L1 under confocal
microscopy. While PD-L1 in control cells displayed a diffuse pattern, its overall inten-
sities were increased in senescent cells and exhibited prominent localization at or near
the cell membrane (Fig. 1C, left, and quantified in Fig. 1C, right).

In addition to IMR90 cells, we examined BJ primary human diploid foreskin fibro-
blasts and also found PD-L1 to be upregulated in senescence (Fig. 1D). In contrast to
senescence, quiescence of IMR90 cells induced by contact inhibition failed to upregu-
late PD-L1 (Fig. 1E). The induction of PD-L1 appears to be a later event in senescence,
since the induction of DNA damage response (measured by phosphorylation of ATM)
precedes the upregulation of PD-L1 (Fig. 1F and G). Rather, the induction of PD-L1 fol-
lows or correlates with the expression of proinflammatory gene interleukin-8 (IL-8)
(Fig. 1F and G). Taken together, these results indicate that PD-L1 is upregulated as a
relatively late event of senescence.

SASP program is necessary to induce PD-L1. The kinetics of PD-L1 induction in se-
nescence (Fig. 1F and G) suggest a possible connection to the senescence-associated
secretory phenotype (SASP), characterized by the secretion of a large variety of proin-
flammatory cytokines, chemokines, growth factors, and proteases (2). The SASP pro-
gram is induced by multiple mechanisms (2, 14). We and others have reported that the
innate immunity cytosolic DNA-sensing cGAS-STING pathway plays an important role
in activating the transcription of SASP genes (11, 15–17). To establish the causal rela-
tionship between SASP and PD-L1, we induced senescence following our established
conditions (11, 12) (Fig. 1), inhibited the SASP program by both genetic and pharmaco-
logical means, and evaluated the corresponding changes of PD-L1.

First, we suppressed the SASP by disrupting cGAS, using our previously published
short hairpin RNA (shRNA) (11). This resulted in impaired secretion of IL-6 in the condi-
tioned media of IR-induced senescent cells (Fig. 2A, left and middle). Importantly, PD-
L1 showed impaired upregulation in cGAS-deficient cells (Fig. 2A, right), accompanied
by reduced accumulation at or near the cell membrane (Fig. 2B and C). Likewise, the
upregulation of PD-L1 is impaired in etoposide-induced senescence in the absence of
cGAS (Fig. 2D).

Second, we suppressed the SASP by inactivation of NF-kB, a key transcription factor
for SASP genes (18). shRNA-mediated inactivation of NF-kB p65 subunit resulted in
reduced IL-6 secretion and, notably, impaired induction of PD-L1 (Fig. 2E).

Third, we suppressed the SASP using STING inhibitor H-151 (19). This led to reduced
expression of the SASP genes and inhibited PD-L1 upregulation both at the protein
level (Fig. 2F) and at the mRNA level (Fig. 2G).

Last, we suppressed the SASP by inhibition of p38 MAPK, another important mediator
of the SASP program (20). Addition of a p38 inhibitor, SB203580, inhibited the induction
of IL-6 in senescent cells and, importantly, reduced PD-L1 upregulation (Fig. 2H).
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FIG 1 Upregulation of PD-L1 in senescent IMR90 cells. (A) Primary IMR90 cells were left untreated or induced to senescence
by various means. Replicative senescent cells were harvested 2 weeks after the cells reached cell cycle arrest. HRasV12 was
expressed via retroviral vector and harvested 1 week postinfection. Etoposide (50 mM) was used to treat cells for 24 h, and
the cells were harvested 1 week after the treatment. Ionizing irradiation (20 Gy)-treated cells were harvested 2 weeks after
treatment. Verification of senescence is described under Materials and Methods. The cell lysates were analyzed by
immunoblotting with indicated antibodies. Loss of lamin B1 and gain of p16 were used as markers for senescence. (B) Cells
as in panel A were analyzed by reverse transcription-quantitative PCR (RT-qPCR) for PD-L1. The results were normalized to
lamin A/C and presented as mean values with standard error of the mean (SEM; n = 3). The P values were calculated from
two-tailed Student’s t test. (C) IMR90 cells were left untreated or induced to senescence by HRasV12 (1 week) or IR (2 weeks).
The cells were fixed and stained with antibodies as indicated, followed by confocal microscopy imaging. The images were
acquired under identical settings, under a 63� objective, and representative images are shown. b-Tubulin was used to label
the cells. Bars, 20 mm. Arrows indicate PD-L1 at or in close proximity to the cell membrane. (Right) Quantification of cell
membrane-localized PD-L1. The data are from four randomly selected fields with over 200 cells, quantified under a 10�

(Continued on next page)
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Collectively, these results suggest that the SASP program is required for the upregulation
of PD-L1 in senescence.

SASP program upregulates PD-L1 through the JAK-STAT pathway. Having estab-
lished the necessity for the SASP program to induce PD-L1, we subsequently asked whether
the SASP program is sufficient to upregulate PD-L1. We collected conditioned media from
senescent cells or control cells and used these media to culture low-passage-number control
cells (Fig. 3A). The conditioned media from both etoposide-induced senescence and
HRasV12-induced senescence upregulated PD-L1 in control cells (Fig. 3A). Further, the condi-
tioned media from wild-type senescent cells, but not from cGAS-deficient senescent cells (as
established in Fig. 2A), induced upregulation of PD-L1 in control cells (Fig. 3B). Therefore,
these results indicate that the SASP program is sufficient to upregulate PD-L1.

We next investigated the mechanisms by which the SASP program induces PD-L1.
We first asked whether PD-L1 is present in the conditioned media of senescent cells; if
so, the uptake of PD-L1 would explain the increased PD-L1 in control cells. In fact, sev-
eral cancer cells secrete PD-L1 to the extracellular environment to inhibit immune cell
activation (21, 22). We therefore analyzed the cell lysates and conditioned media for
PD-L1 (Fig. 3C). While the conditioned media of senescent cells are highly enriched in
IL-8, we did not detect PD-L1 there (Fig. 3C), indicating that PD-L1 is not secreted to
the conditioned media in our senescence model.

We next asked whether the SASP program upregulates PD-L1 in control cells through
signal transduction. The conditioned media in senescent cells harbor a variety of cytokines
that can activate the JAK-STAT pathway (2). PD-L1 has been reported to be activated at
the transcriptional level by several transcription factors, such as STAT1, STAT3, NF-kB, and
Myc (8, 23). We thus hypothesized that the SASP program activates PD-L1 through the
JAK-STAT pathway.

We inactivated STAT3 by two independent shRNA hairpins in control cells and cul-
tured the cells with the conditioned media from HRasV12-induced senescence (Fig.
3D). While PD-L1 was upregulated in nontargeting control (NTC) cells, its upregulation
was suppressed by STAT3 hairpins (Fig. 3D). Likewise, shRNA against JAK2 inhibited
PD-L1 upregulation by the SASP program (Fig. 3E and F). The requirement for JAK2-
STAT3 in upregulating PD-L1 was also seen at the mRNA level (Fig. 3G). Inactivation of
STAT1 or JAK1 showed minimal effect on PD-L1 induced by the SASP program (Fig. 3H
and I), indicating that STAT3 and JAK2 are the predominant isoforms activating PD-L1
in IMR90 cells. The dependency of different JAK and STAT isoforms appears to be cell
type specific, as seen in several cancer cell lines that depend on STAT1 to activate PD-
L1 transcription (23–25).

We subsequently induced senescence of the STAT3 or JAK2-deficient cells. While
PD-L1 is upregulated in IR-induced control senescent cells, this effect is impaired in
cells expressing STAT3 or JAK2 shRNA hairpins (Fig. 3J and K). Hence, the JAK-STAT
pathway plays an essential role in upregulating PD-L1 in senescence. Further studies
are needed to demonstrate a direct effect of STAT1/3 on activating the transcription of
PD-L1 gene at the promoter region.

Rapamycin downregulates PD-L1 in senescence. In the context of cancer immu-
notherapy, PD-L1/PD-1 checkpoint inhibitors have shown promising clinical outcomes
in treating various types of cancer (7–9). However, PD-L1/PD-1 checkpoint inhibitors
are known to have side effects (26–28), thus limiting their broad applications to treat
senescence/age-associated diseases. We reason that compounds that downregulate

FIG 1 Legend (Continued)
objective. The results shown are mean values with standard deviation (SD). The P values were calculated from two-tailed
Student’s t test. (D) Primary BJ fibroblasts were treated with etoposide (40 mM) and harvested at day 14 or were infected
with HRasV12 and harvested at day 7. The lysates were analyzed by immunoblotting. (E) Low-passage-number proliferating
IMR90 cells were left untreated or induced to quiescence by contact inhibition. Cells reaching 100% confluence were
considered the start of contact inhibition and were harvested at indicated days. Lysates were subjected to immunoblotting.
Phospho-Rb was used as a proliferation marker. (F, G) IMR90 cells were subjected to etoposide treatment (50 mM) (F) or
HRasV12 infection (G). The cells were harvested at indicated time points and analyzed by immunoblotting. DAPI, 49,6-
diamidino-2-phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IR, ionizing irradiation.
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FIG 2 The senescence-associated secretory phenotype (SASP) program is required for the induction of PD-L1 in senescence.
(A) IMR90 cells were subjected to short hairpin RNA (shRNA)-mediated gene inactivation with a nontargeting control (NTC)
hairpin or hairpin targeting cGAS. (Left) Immunoblotting showing cGAS was successfully inactivated by shRNA. (Middle, right)
Cells were subjected to ionizing irradiation (IR, 20 Gy) and analyzed at day 14. The conditional media were analyzed for
interleukin-6 (IL-6) (middle), and cell lysates were analyzed for PD-L1 and lamin B1. (B) Cells as in panel A were subjected to
immunofluorescence analyses of PD-L1, imaged under confocal microscopy. The images were acquired under identical
settings, and representative images are shown. b-Tubulin was used to label the cells. Bars, 20 mm. Arrows indicate PD-L1 at
or near the cell membrane. (C) Quantification of cell membrane-localized PD-L1. The data are from four randomly selected
fields with over 200 cells. The results shown are mean values with SD. The P values were calculated from two-tailed
Student’s t test. (D) Related to panel A, IMR90 cells stably expressing sh-NTC or sh-cGAS were subjected to etoposide
treatment (50 mM) for 24 h. The cells were then cultured until day 10 and harvested for immunoblotting analyses. (E) IMR90
cells were subjected to shRNA-mediated gene inactivation of NF-kB p65 subunit and were treated with IR (20 Gy) for
2 weeks. Cell lysates were probed with indicated antibodies. (F, G) IMR90 cells were treated with IR (20 Gy) for 10 days and
then treated with STING inhibitor H-151 (1 mM) for 4 days. The cells were analyzed by immunoblotting (F) or RT-qPCR
analyses normalized to lamin A/C (G). The results shown are mean values with SEM (n = 3) The P values were calculated
from two-tailed Student’s t test. (H) IMR90 cells were treated with p38 MAPK inhibitor SB203580 (20 mM) 4 days after IR, and
the drug was replenished every other day. Cell lysates were subjected to immunoblotting with indicated antibodies.
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PD-L1 in senescent cells will promote immune-mediated clearance of senescent cells,
which will be a new approach to intervene in diseases of senescence/aging.

We thus performed a small-scale experiment testing several compounds implicated in
antiaging or modulation of PD-L1, in senescent IMR90 cells induced by HRasV12 (scheme
shown in Fig. 4A). Among these compounds, rapamycin, metformin, resveratrol, and NAD1

FIG 3 The SASP upregulates PD-L1 through the JAK-STAT pathway. (A) The conditioned media from etoposide or HRasV12-
induced senescent IMR90 cells were harvested and incubated with low-passage-number proliferating IMR90 cells. The protein
lysates were analyzed for PD-L1. (B) The conditioned media were harvested from control cells, or IR-induced senescent cells
with sh-NTC or cGAS knockdown, as described in the legend to Fig. 2A. These conditioned media were used to incubate low-
passage-number proliferating IMR90 cells for 24 h. The cell lysates were probed for PD-L1. (C) IMR90 cells were induced to
senescence with HRasV12 for 1 week. The cell lysates and the media were harvested and probed for indicated antibodies. (D)
Low-passage-number proliferating IMR90 cells were stably inactivated with shRNA encoding NTC or two independent STAT3
hairpins. The cells were then incubated with conditioned media from HRasV12-induced senescent IMR90 cells for 24 h. The
cell lysates were then analyzed with indicate antibodies. (E, F) Similar to panel D, low-passage-number proliferating IMR90 cells
were stably inactivated with shRNA encoding NTC or two independent JAK2 hairpins. The cells were then incubated with
conditioned media from HRasV12-induced senescent IMR90 cells for 24 h. The cell lysates were probed with indicated
antibodies. (G) Cells as in panels D to F were analyzed by RT-qPCR. The results were normalized to lamin A/C and were
presented as mean values with SEM (n = 3). The P values were calculated from two-tailed Student’s t test. (H, I) Low-passage-
number proliferating IMR90 cells stably expressing shRNA against NTC, JAK1, or STAT1 hairpins were incubated with
conditioned media from HRasV12-induced senescent IMR90 cells for 24 h. The cell lysates were probed for indicated
antibodies. (J, K) IMR90 cells with indicated hairpins were subjected to IR (20 Gy) and cultured for 14 days. The cell lysates
were analyzed as indicated.
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FIG 4 Rapamycin downregulates PD-L1 of senescent cells. (A) Scheme of experimental plan. Low-passage-number IMR90 cells were infected with retroviral
vector encoding HRasV12 to induce senescence. On days 7 and 8, the cells were treated with compounds and were harvested on day 9 for
immunoblotting analysis of PD-L1. (B) Effects of compounds on PD-L1 analyzed by immunoblotting. The doses of compounds are indicated in the figure.
(C, D) Rapamycin downregulates PD-L1 in senescent IMR90. (C) Scheme of experimental design. Rapamycin at 50 nM was used. (D) Immunoblotting of PD-
L1. Phospho-S6 was shown to indicate that rapamycin successfully inhibited mTOR activity. (E) Cells were prepared as in panel C, fixed, and stained with
antibodies as indicated, followed by confocal microscopy imaging. The images were acquired under identical settings, and representative images are
shown. b-Tubulin was used to label the cells. Bars, 20 mm. Arrows indicate PD-L1 at or near the cell membrane. (F) Quantification of cell membrane-
localized PD-L1. The data are from four randomly selected fields with over 200 cells. The results shown are the mean values with SD. The P values were

(Continued on next page)
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boosting compound nicotinamide mononucleotide have been reported to promote lon-
gevity and/or healthy aging (29–33). Trehalose stimulates autophagy and lysosome activ-
ities (34). 2-Deoxy-gluocose (2-DG) and curcumin have been shown to modulate PD-L1 in
cancer cells (35, 36). Indeed, 2-DG blocked glycosylation of PD-L1 and reduced its stability
in our senescent model (Fig. 4B). Interestingly, rapamycin, an mTOR inhibitor that extends
the life span of mice, downregulated PD-L1 in senescent cells (Fig. 4B). We confirmed the
effect of rapamycin on downregulating PD-L1 in already-established senescent cells (Fig.
4C and D). Further, rapamycin reduced the cell membrane-localized PD-L1 evaluated by
immunofluorescence (Fig. 4E and F). In addition, rapamycin suppressed the increased
mRNA level of PD-L1 in senescent cells (Fig. 4G) while having minimal effect on lamin B1
and p16 (Fig. 4G).

Rapamycin has been reported to inhibit the SASP program of senescence (37, 38).
Consistent with previous reports, we observed reduced IL-6 induction upon rapamycin
treatment (Fig. 4G). The effect on the SASP program suggests a possible mechanism by
which rapamycin downregulates PD-L1 in senescent cells. In addition to HRasV12-
induced senescence, rapamycin also downregulates PD-L1 in IR-induced senescence
(Fig. 4H to K). Notably, in our experimental system, senescence was established first,
followed by short-term rapamycin treatment (schemes shown in Fig. 4A, C, and H). The
ability of rapamycin to reduce PD-L1 in already-established senescent cells illustrates
its therapeutic potential in targeting diseases associated with senescence. Future stud-
ies are needed to examine the efficacy of rapamycin in facilitating immune-mediated
clearance of senescent cells in vivo.

PD-L1 is upregulated in natural aging. Aging is associated with low-grade but pro-
longed chronic inflammation in the absence of infection, a conditioned termed as “inflam-
maging” (39). In addition to senescence and its SASP program, the NLRP3 inflammasome
and possibly the cGAS-STING pathway are implicated in generating proinflammatory cyto-
kines in aged tissues (11, 39, 40). Because we found that proinflammatory cytokines upreg-
ulate PD-L1 (Fig. 3), we hypothesized that PD-L1 is upregulated in naturally aged tissues.

To begin, we performed “data mining” with published resources investigating the transcrip-
tomes of naturally aged mice. First, we explored the Tabula Muris Senis database, a resource for
transcriptome sequencing (RNA-seq) of organs across the mouse life span (41). The RNA levels
of PD-L1 are generally upregulated in aged bone, heart, liver, lung, and marrow, compared to
young controls (Fig. 5A). This effect is not obvious in other tissues from this resource.

Second, we explored the RNA-seq data from the work of Benayoun et al., in which
heart, liver, cerebellum, olfactory bulb, and neural stem cells were analyzed for their
transcriptomes (42). We found that PD-L1 is upregulated in the aged samples of these
tissues compared to young controls (Fig. 5B). Due to the limited sample sizes of the
two published database, statistical analyses were not shown. These results prompted
us to perform experimental examination of PD-L1 in natural aging.

We therefore obtained wild-type mice of the C57BL/6J background, fed ad libitum
on a regular diet, comparing young (2 to 3 months) and old (24 to 27 months) tissues.
RT-qPCR analyses of PD-L1 revealed statistically significant upregulation in aged heart,
liver, and lung (Fig. 5B). PD-L1 protein levels were not examined due to limitation of
reliable antibodies to detect mouse PD-L1 protein by immunoblotting. Nevertheless,
our results, together with other published studies, collectively indicate that PD-L1 is
upregulated in several aged tissues of mice, at least at the RNA level.

PD-L1 is upregulated in the lungs of idiopathic pulmonary fibrosis patients.
The lung is a paradigmatic organ that displays features of senescence in disease and

FIG 4 Legend (Continued)
calculated from two-tailed Student’s t test. (G) Cells as in panel C were analyzed by RT-qPCR with indicated primers. The results were normalized to lamin
A/C and were presented as mean values with SEM (n = 3). The P values were calculated from two-tailed Student’s t test. (H) Scheme of experimental
design. IMR90 cells were challenged with ionizing irradiation (IR, 20 Gy). On day 14, 50 nM rapamycin was added to the media and was replenished daily.
The cells were then harvested at day 18 for analyses. (I, J) Cells treated as in panel H were analyzed for PD-L1 by immunoblotting (I) or by RT-qPCR (J). RT-
qPCR results were normalized to lamin A/C and were presented as mean values with SEM (n = 3). The P values were calculated from two-tailed Student’s t
test. (K) Quantification of cell membrane-localized PD-L1. The data are from four randomly selected fields with over 200 cells. The results shown are mean
values with SD. The P values were calculated from two-tailed Student’s t test.
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FIG 5 Upregulation of PD-L1 in aging. (A) PD-L1 (CD274) RNA levels in mouse tissues from the Tabula Muris Senis database. The
normalized read counts (linear) were used to generate the results. The mean values with SEM are shown. (B) PD-L1 (CD274)
RNA levels from Benayoun et al. (42). The transcriptome sequencing (RNA-seq) data were downloaded, and the number of cpm
was used. The mean values with SEM are shown. (C) Mice that were 2 to 3 months or 24 to 27 months old were euthanized,
and tissues were harvested. The RNA from these tissues were extracted and subjected to RT-qPCR analyses for PD-L1 (CD274)
gene. The results were normalized to GAPDH. The mean values with SEM are shown. The P values were calculated from two-
tailed Student’s t test.
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aging (43, 44). Idiopathic pulmonary fibrosis is a form of interstitial lung disease (ILD)
characterized by interstitial remodeling, hyperplasia of basal cells (primary stem cell
population), abnormal type 2 (AT2) cells (surfactant secreting cells), compromised lung
function, and accumulation of fibrogenic senescent cells that promote the progression
of the disease (45–47). Clearance of senescent cells in mice and human patients ameli-
orates disease severity of pulmonary fibrosis (47, 48).

We analyzed a single-cell RNA-seq database of human patients with ILD to explore
the expression profile of PD-L1 (49–51). In this database, the expression of 20 fibrotic
lungs (red) and 10 nonfibrotic control lungs (blue) is presented in a Uniform Manifold
Approximation and Projection (UMAP) plot (49) (Fig. 6A, top left). We found that PD-L1
is substantially upregulated in two clusters: the cells in cluster 1 are predominantly
present in ILD patients, and the cells in cluster 2 are qualitatively enriched in ILD sam-
ples (Fig. 6A, comparing PD-L1 with top left plot). We subsequently asked whether the
PD-L1 high cells in ILD correlate with senescence or inflammatory features and found
that the cells in cluster 1 are strongly positive for canonical senescence markers p16,
p15, and p21 and that the cells in both clusters 1 and 2 are positive for IL-8 (Fig. 6A).

We then characterized PD-L1 high cells in the two clusters in greater detail. We found
that the cells in both clusters 1 and 2 are predominantly found in ILD patients (Fig. 6B)
and that PD-L1 is upregulated in ILD patient samples (Fig. 6C). We then went on further
to explore the features of the two clusters high in PD-L1. The single-cell RNA-seq study
had identified cluster 1 as a previously unappreciated KRT52/KRT171 basaloid popula-
tion (aberrant basal cells) that expresses p21 and is specifically found in ILD samples (49)
(Fig. 6B). We performed Gene Set Enrichment Analysis (GSEA) comparing this population
with the rest of the lungs and found that cluster 1 is strongly enriched in senescence sig-
natures (P = 0.001, normalized enrichment score [NES] = 5.27), as well as inflammatory
response (P = 0.001, NES = 5.25) (Fig. 6D). For cluster 2, we found that the PD-L1 high
cells are derived from AT2 cells, based on their gene expression profile. GSEA revealed
that while cluster 2 is not enriched in senescence signature (P = 0.005, NES = 22.56), it
is enriched in inflammatory response (P = 0.001, normalized enrichment score [NES] =
5.90) (Fig. 6D). This is consistent with our in vitro observation that inflammatory cytokines
alone can induce PD-L1 in control cells (Fig. 2). We also noted that IL-8 high cells are not
always positive for PD-L1 (Fig. 6A), suggesting that additional factors are required for the
full induction of PD-L1 in the lungs.

Taken together, our data suggest that PD-L1 is upregulated in the lungs of human
pulmonary fibrosis patients and that PD-L1 upregulation is linked to senescence and
proinflammatory gene expression. These results prompt further studies of targeting
PD-L1/PD1 to treat pulmonary fibrosis.

DISCUSSION

In summary, we discovered that PD-L1 is upregulated in senescence and aging. The
SASP program of senescence is both necessary and sufficient to induce PD-L1 expression in
vitro. While this study focuses on proinflammatory cytokines of the SASP program, interfer-
ons are another category of factors secreted by senescent cells (52) and have been reported
to induce PD-L1 (24). The paracrine effect of SASP on nonsenescent cells in upregulating
PD-L1 may create an overall immunosuppressive environment that inhibits immune-medi-
ated clearance of damaged cells and promotes tumorigenesis. This can help to explain the
increased cancer incidences in the elderly population. Hence, targeting PD-L1 of senescent
cells may hold promise in restoring tissue homeostasis and in preventing or treating dis-
eases associated with senescence and aging.

In an attempt to find compounds that inhibit PD-L1, we discovered that rapamycin
could downregulate PD-L1 in already-established senescent cells. Of note, rapamycin
promotes both the health span and the life span of mice (29, 30). Further, transient
rapamycin treatment has been reported to increase life span and health span in mid-
dle-aged mice (53). These prolongevity effects of rapamycin phenocopy several key
features of senescent cell clearance in mice (4, 54, 55). Currently, clinical trials of
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FIG 6 Upregulation of PD-L1 in interstitial lung disease (ILD). (A) UMAP expression plots of PD-L1 (CD274), p16 (CDKN2A), p15 (CDKN2B), p21 (CDKN1A), and IL-8
(CXCL8) in merged healthy and ILD human lungs. The data were reanalyzed from Habermann et al. (49). Higher-magnification inset panels below each gene
expression are shown to highlight PD-L1 high cells. (B) Bar plot showing relative cell number contributions of healthy control donors versus ILD patients to either
cluster 1 or 2. (C) Bar plot showing relative contribution to the expression of PD-L1 from healthy control donors versus ILD patients in cluster 1 or 2. (D) GSEA of
the cluster 1 (aberrant basal cells) and cluster 2 (AT2 cells) using MSigDB signatures demonstrating that both clusters 1 and 2 are enriched in inflammatory
responses (Zhou_Inflammatory_Response_Live_Up), while only cluster 1 is enriched in senescence signatures (Friedman_Senescent_Up).
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rapamycin and other mTOR inhibitors in antagonizing dog and human aging are
ongoing (56). Short-term rapamycin treatment improved the cardiovascular health of
companion dogs (57). Further, topical rapamycin administration decreased p16-posi-
tive senescent cells in human skin (58). Future studies are needed to investigate
whether part of the antiaging effects of rapamycin in vivo are a result of promoting
immune-mediated clearance of senescence. It should be noted that rapamycin and
rapalogues are potent immunosuppressants under high doses. The proper doses and
frequencies of intervention using rapamycin should be carefully investigated for anti-
aging purposes.

PD-L1 in cancer cells is regulated by multiple mechanisms, including at the transcrip-
tional, posttranscriptional, and posttranslational levels (23, 59). While we found that the
conditioned media of senescence upregulates PD-L1 mRNA level through the JAK-STAT
pathway, we do not exclude other alternative mechanisms. For example, IL-6, through
JAK1, has been shown to regulate PD-L1 glycosylation and its stability (60). In addition,
cancer-associated inflammation, especially tumor necrosis factor (TNF), was reported to
modulate PD-L1 ubiquitination and its stability at the protein level (36). Further, it should
be noted that rapamycin may downregulate PD-L1 in addition to our proposed mecha-
nism in suppressing the SASP, as rapamycin modulates a variety of cellular events, includ-
ing autophagy, a reported negative regulator of PD-L1 (61–63).

The interaction between senescent cells and the immune system is incompletely
understood. While immune cells play important roles in removing senescent cells (64,
65), recent studies reported that senescent cells also impose inhibitory mechanisms to
block immune cell activation. Senescent cells express nonclassical major histocompati-
bility complex (MHC) molecule HLA-E that binds to the inhibitory receptor NKG2A to
inhibit NK and highly differentiated CD81 T-cells (66). In addition, the NKG2D receptor
of immune cells undergoes matrix metalloproteinase (MMP)-dependent shedding of
NKG2D ligands, as a consequence of the SASP program of senescence (67). T-cells are a
major immune cell type that can kill senescent cells. Mice lacking T-cells exhibited
impaired ability to remove senescent cells (68). Conversely, engineered CAR-T-cells
that target urokinase plasminogen activator surface receptor (uPAR) of senescent cells
reversed senescence-associated pathologies in mice (69). Our findings show that sen-
escent cells upregulate a major T-cell checkpoint molecule PD-L1. While PD-L1 in can-
cer has been extensively investigated, our study is the first to report the upregulation
of PD-L1 in senescence.

Hence, the presence of senescent cells in tissues appears to be a balance of both
immune-mediated clearance versus immune tolerance. Under acute senescence-induc-
ing conditions, such as by activated oncogenes, neoantigens derived from mutated
proteins of senescent cells are likely to be present. Together with the SASP program
that recruits and activates the immune cells, senescent cells can be effectively cleared
by the immune system. Under chronic conditions, such as in natural aging, the short of
neoantigens together with compromised immune cell functions favors the accumula-
tion of senescent cells, in which the upregulation of immune checkpoint molecules of
senescence is involved. In the context of cancer therapy, anti-PD-L1/PD1 immunother-
apy works preferentially in PD-L1 high cancers. Consistent with this notion, a recent
study found that boosting the SASP program of ovarian cancer improves the response
to anti-PD1 therapy (70). Further studies are needed to decipher the specific strategies
to modulate immune checkpoints of senescence to intervene in diseases. We hope our
findings can spark future studies to explore the therapeutic potential of targeting PD-
L1/PD-1 in in vivo models of senescence and aging.

MATERIALS ANDMETHODS
Cell culture and treatment. Primary IMR90 and BJ fibroblasts were described previously and were

authenticated by genome-wide sequencing analyses (10, 11). The cells were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 100 mg/mL streptomycin
(Invitrogen) and were intermittently cultured with plasmocin (Invivogen) and tested for mycoplasma
using a MycoAlert PLUS mycoplasma detection kit (Lonza). The cells were cultured under physiological
oxygen (3%) and were used within population doubling of 35, except for replicative senescence
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experiments in which the cells were cultured until replication exhaustion (around population doubling
80). For etoposide-induced senescence, IMR90 cells at approximately 60 to 70% confluence were treated
with 50 mM etoposide for 24 h and harvested at the days indicated in the figure legends. For BJ cell se-
nescence, the cells at approximately 60 to 70% confluence were treated with 40 mM etoposide for 24 h
and harvested at the days indicated in the figure legends. For ionizing irradiation (IR), the cells were irra-
diated with X-Rad 320 (Precision X-Ray Irradiator) at 20 Gy and harvested as described in the figure
legends. For HRasV12-induced senescence, retroviral vector encoding HRasV12 was used to infect cells.
Following hygromycin selection, the cells were cultured for 7 or more days as described in the figure
legends. These conditions reproducibly induced senescence, confirmed by cell cycle arrest measured by
lack of cyclin A and phosphorylated Rb, EdU less than 5% positivity, and senescence associated (SA)-
b-galactosidase over 95% positivity, as described in our previous studies (10–13).

Mice. Young and aged mice were acquired from the National Institute on Aging. C57BL/6 back-
ground mice were used. Both sexes were included. The mice were fed ad libitum on a regular diet and
handled following institutional regulations and guidelines. The mice were euthanized with CO2 followed
by cervical dislocation. Tissues were harvested posteuthanasia and analyzed as indicated.

Reagents and antibodies. All reagents were purchased from Sigma, unless otherwise stated. STING in-
hibitor H-151 and p38 inhibitor SB203580 were purchased from Selleck Chemicals. Antibodies used include
PD-L1 (Cell Signaling Technology 13684), phospho-S6 (Cell Signaling Technology 2215), STAT1 (Cell Signaling
Technology 9172), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Cell Signaling Technology 5174), IL-
8 (Abcam ab18672), JAK2 (Cell Signaling Technology 3230), STAT3 (Cell Signaling Technology 9139), p21
(Santa Cruz Biotechnology sc-271532), lamin B1 (Abcam ab16048), p16 (BD Biosciences G175-405), p-ATM
(Abcam ab81292), cGAS (Cell Signaling Technology 15102), IL-6 (Cell Signaling Technology 12153), NF-kB
p65 (Cell Signaling Technology 8242), JAK1 (Cell Signaling Technology 3344), phospho-Rb (Signaling
Technology 9308), and b-tubulin (Sigma T8328).

Retrovirus and lentivirus. Retroviral WZL-HRasV12 construct was transfected to phoenix packaging
cell line, and production of virus for stable expression was performed as previously described (11).
Lentiviral pLKO vectors encoding shRNA were transfected with packaging plasmids to HEK293T cells, as
described previously (11). Viral supernatant was filtered through a 0.45-mm filter and mixed with trypsi-
nized recipient cells. The infected cells were then selected with puromycin or hydromycin.

pLKO-based shRNA constructs were purchased from Sigma. The following shRNA sequences were
used: p65 (TRCN0000014687: CCTGAGGCTATAACTCGCCTA), STAT3 (TRCN0000329886: GCAAAGAA
TCACATGCCACTT and TRCN0000020843: GCAAAGAATCACATGCCACTT), JAK2 (TRCN0000003181: GCAG
AATTAGCAAACCTTATA and TRCN0000003178: CCCTGACCCTAAATAATACAT), STAT1 (TRCN0000280021:
CTGGAAGATTTACAAGATGAA and TRCN0000004265: CCCTGAAGTATCTGTATCCAA), and JAK1 (TRCN0000295869:
GACAGTCACAAGACTTGTGAA). Nontargeting control and cGAS were described previously (11).

Immunoblotting. Western blotting was described previously (11), with slight modifications. The
cells were lysed in buffer containing 20 mM Tris, pH 7.5, 137 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 1% NP-
40, supplemented with 1:100 Halt protease and phosphatase inhibitor cocktail (Thermo) and Benzonase
(Novagen) at 12.5 U/mL. The lysates were rotated at 4°C for 30 min and boiled at 95°C in the presence of
1% SDS. The resulting supernatants were subjected to electrophoresis using NuPAGE Bis-Tris precast
gels (Thermo). After transferring to nitrocellulose membrane, 5% milk in Tris-buffered saline (TBS) was
used to block the membrane at room temperature for 1 h. Primary antibodies were diluted in 5% bovine
serum albumin (BSA) in TBS supplemented with 0.1% Tween 20 (TBST) and incubated at 4°C overnight.
The membrane was washed three times with TBST, each for 10 min, followed by incubation of secondary
antibodies at room temperature for 1 h in 5% milk in TBST. The membrane was washed again three
times and imaged by film or by an Odyssey imager (Licor Odyssey CLx 2000).

Immunofluorescence. Immunofluorescence was performed as described previously (11). Briefly, the
cells were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min at room tempera-
ture. The cells were washed twice with PBS and permeabilized with 0.1% Triton X-100 in PBS for 10 min.
After washing two times, the cells were blocked with 10% BSA in PBS for 1 h at room temperature. The
cells were then incubated with primary antibodies in 5% BSA in PBS supplemented with 0.1% Tween 20
(PBST) overnight at 4°C. The next day, the cells were washed four times with PBST, each for 10 min, fol-
lowed by incubation with Alexa Fluor-conjugated secondary antibody (Thermo) in 5% BSA/PBST for 1 h
at room temperature. The cells were then washed four times with PBST, incubated with 1 mg/mL 49,6-
diamidino-2-phenylindole (DAPI) in PBS for 10 min, and washed twice with PBS. The slides were
mounted with ProLong Diamond (Thermo) and imaged with a Leica TCS SP8 fluorescent confocal micro-
scope. Quantification of % positive cells was done under identical microscopy settings between samples.
Over 200 cells from 4 randomly selected fields were analyzed.

RT-qPCR. mRNA from cells were extracted with RNeasy mini kit (Qiagen), with a DNase I (Qiagen)
digestion step to minimize genomic DNA contamination. Reverse transcription (RT) was done using a
high-capacity RNA-to-cDNA kit (Thermo), and then quantitative PCR (qPCR) was performed using a qPCR
machine (Bio-Rad CFX 384 Real-Time System). The results were normalized to lamin A/C for human cells.
The following primers were used for RT-qPCR of human cells: PD-L1, TGGTGGTGCCGACTACAAGC and
GGGTAGCCCTCAGCCTGACA; lamin B1, CTCGTCGCATGCTGACAGAC and GATCCCTTATTTCCGCCATCT;
p16, CCAACGCACCGAATAGTTACG and CCATCATCATGACCTGGATCG; IL-6, CACCGGGAACGAAAGAGAAG
and TCATAGCTGGGCTCCTGGAG; and lamin A/C, AGCTGAAAGCGCGCAATACC and GGCCTCCTTGGAG
TTCAGCA.

For mouse liver and lung, RNeasy mini kit (Qiagen) was used to extract the RNA. For mouse heart,
RNeasy Plus Universal mini kit (Qiagen) was used. The results were normalized to GAPDH for mouse tis-
sues. The following primers were used for RT-qPCR of mouse cells: PD-L1, GGACGCAGGCGTTTACTGCT
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and AGTGGCTGGATCCACGGAAA; and GAPDH, TGCATCCTGCACCACCAACT and TGGTCATGAGCCCTT
CCACA.

Conditioned media. Control or senescent cells were cultured in regular media for 2 to 3 days before
use. The media were then collected and filtered with a 0.45-mm polyvinylidene difluoride (PVDF) filter
(Millipore) to remove cells and debris. The resulting supernatant was used for cell treatment or for im-
munoblotting. The amounts of media used for immunoblotting were quantified based on the protein
concentrations of cell lysates, and media corresponding to equal amounts of total cellular proteins were
loaded into protein gels.

Data mining from published resources. For the Tabula Muris Senis database (41), the results were
downloaded from the online server, under the bulk RNA-seq section. The normalized read counts (linear) for
the CD274 gene were obtained, under corresponding age cohorts in each tissue. The data for male mice
were used, because PD-L1 has been reported to be regulated by female hormone cycles (71). For data sets
from Benayoun et al. (42), gene expression counts generated using subread 1.4.5-p1 (72) were converted to
logarithmic cpm values using EdgeR (version 3.26.8). The expression levels were then filtered to retain counts
above a cpm threshold of 0.125. The CD274 gene expression levels (linear) were plotted.

Single-cell RNA-seq analyses and GSEA. Expression plots were generated using the publicly avail-
able data set at http://www.ipfcellatlas.com/. Processed expression values were accessed at GEO
(GSE135893) and further analyzed using Seurat (73). Wilcoxon rank sum test was obtained using the R
package (74). Fgsea was used to perform GSEA (75, 76) on the entire C2 MSigDB signature set (77). The
AT2 cluster was isolated and then subclustered to identify the PD-L11 subpopulation. Identities were
then transferred back onto the full data set prior to GSEA analysis.

Statistical analyses. Unpaired two-tailed Student’s t test was used for comparison between two
groups. One-way analysis of variance (ANOVA) coupled with Tukey’s post hoc test was used for compari-
sons over two groups. Significance was considered when P value was less than 0.05.
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